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PREFACE   TO    EIGHTH    EDITION 

Since  the  publication  of  the  first  edition  of  this  treatise,  in 
1S89.  many  advances  have  been  mAie  in  Hydraulics.  Some  of 
these  have  been  briefly  noted  in  later  editions,  but  to  properly 
record  and  correlate  them  it  has  now  become  necessary  to 
rewrite  and  reset  the  book.  In  so  doing  the  author  has  en- 
deavored to  incorporate  other  features  that  have  been  suggested 
to  him  by  teachers  and  engineers,  to  whom  he  here  expresses 
his  thanks.  All  of  the.se  suggestions  could  not  be  followed,  for 
thereby  the  work  would  have  been  expanded  to  two  volumes. 
Indeed  the  question  as  to  what  should  be  left  out  has  often  been 
a  more  difficult  one  than  that  as  to  what  should  be  inserted,  and 
the  author  has  made  the  decision  from  the  point  of  view  of  the 
probable  benefit  that  may  accrue  to  students  in  engineering 
colleges  and  to  engineers  in  ordinary  conditions  of  practise. 

The  same  plan  of  arrangement  as  in  former  editions  has 
been  followed,  but  two  new  chapters  have  been  added,  one  on 
Hydraulic  Instruments  and  Observations,  which  treats  of  the 
methods  of  measuring  pressures  and  velocities,  and  another  on 
Pumps  and  Pumping,  in  which  the  \'ariou3  machines  for  raising 
water  arc  discussed  from  a  hydraulic  point  of  view.  Among 
the  new  topics  introduced  in  the  other  chapters  may  be  noted 
the  vortex  whirl  that  occurs  in  emptying  a  vessel,  new  coeffi. 
cicDts  for  dams  and  for  steel  and  wood  pipes,  the  loss  of  head  in 
pipes  due  to  curvature,  branched  circuits  or  diversions  in  pipe 
systems,  the  influence  of  piers  in  producing  backwater,  canals 
for  water-power  plants,  discharge  curves  for  rivers,  the  tidal 
and  the  land  bore,  water-supply  estimates,  water  hammer  in 
pipes,  the  stability  of  a  ship,  and  hydraulic-electric  analogies. 
Many  new  examples  and  problems  arc  given  and  in  these  the 
author  has  endeavored  not  only  to  exemplify  the  theory  of  the 
subject,  but  also  to  illustrate  the  conditions  of  actual  practise. 


Preface  to  Eighth  Edition 


listorical    notes    and    references    to    hydraulic   literature    are 

lesented  with   greater  fullness  than  before.  .  ,  .     Many  let- 

rs  from  foreign  countries  have  urged  the  author  to  introduce 

le  metric  system  of  measures  into  the  book.     To  meet  this 

[mand  the  most  important  data,  coefficients,  and  formulas  arc 

ren   in  both   English  and  metric  measures,  the  latter  being 

iced  at  the  end  of  each  chapter;   the  student  who  follows 

;se  will  have  no   occasion   to  transform  English  units,   but 

ly  learn  to  think  in  metric  units  and  to  use  them  without 

Isitation.  .  .  .     The  most  important  tables  are  presented  both 

I  the  English  and  in  the  metric  system,  the  latter  not  being  a 

;re  transformation  of  the  former  but  being  arranged  to  be 

ed  with  metric  arguments. 

In  former  editions  of  this  work,  as  in  most  other  books,  the 
ibers  of  the  articles,  formulas,  cuts,  and  problems  were  con- 
:utive  and  independent.  In  this  edition,  however,  only  the 
tides  are  numbered  consecutively,  while  the  number  of  any 
rmula,  cut,  or  problem  agrees  with  that  of  the  article,  and  this 
[placed  at  the  top  of  the  right-hand  page.     While  the  main 


NOTE    TO    NINTH    EDITION 

During  i903'l9to  the  eighth  edition  of  this  book  was  re- 
printed eight  times,  each  impression  containinR  some  change* 
aitd  corrections.  It  has  now  become  necessary  to  revise  and 
reset  the  entire  book  in  order  to  more  fully  inchidc  the  advances 
uf  tlie  l.ist  decade.  New  matter  will  be  found  on  hydraulic  instru- 
menls,  methods  of  measuring  water,  oblique  weirs,  submerged 
tubes,  regulating  devices  for  pipes,  conduits,  dams,  backwater, 
rainfall.  evagiorAtion,  and  runofl.  The  tables  of  coefficients  for 
orifices,  weirs,  pipes,  conduits,  and  channels  have  been  revised 
aiul  extended  so  as  to  include  the  results  u(  recent  experi- 
ments. Some  old  matter  has  been  omitted  or  condensed,  and 
a  few  changes  in  arrangement  have  been  made.  About  one- 
fifth  of  the  text  is  put  in  smaller  type,  so  as  to  aid  teachers 
in  selecting  shorter  courses  for  their  classes.  The  hydraulic 
txbles  arc  placed  in  the  text  in  connection  with  the  matter 
explaining  them  instead  of  being  collected  at  the  end  of  the 
book  as  before. 

!n  this  edition  all  tables,  figures,  formulas,  and  problems  bear 
the  number  of  the  article  in  which  they  are  located,  this  num- 
ber being  given  in  heavy  type  on  the  headline  of  each  right- 
hand  page.  While  the  amount  of  matter  is  about  six  percent 
greater  than  that  in  the  eighth  edition,  it  occupies  twenty  pages 
less,  owing  to  the  smaller  type  and  longer  page.  A  subject 
index  will  be  found  at  the  end  of  the  volume.  The  authors 
have  everywhere  endeavored  to  unify  the  presentation  of  the 
subject  in  a  manner  advantageous  alike  to  the  technical  student 
and  the  practising  engineer. 


NOTE  TO  TENTH  EDITION 


In  this  edition  over  forty  pages  have  been  rewritten  and 
reset,  and  minor  changes  have  been  made  on  about  fifty  other 
pages.  This  has  been  done  so  as  to  keep  the  book  abreast  with 
modem  progress,  and  thus  render  it  more  valuable  than  the 
preceding  edition  for  the  use  of  both  students  and  engineers. 

The  new  Articles  72J.  124J.  and  136|  treat  of  proportional  1 
weirs,  of  Biei's  formula  for  flow  in  pipes  and  channels,  and  of   ' 
backwater  due  to  bridge  piers.     In  Art.  118  Horton's  extended 
table  of  values  of  Kuttcr's  ft  is  given,  and  in  Art.  12]  new  I 
coefficients  for  riveted  steel  pipes  will  be  found.     In  Art,  129 
there  is  new  matter  regardini*  the  vertical  and  horizontal  curves 
for  open  channels,  and  Art.  157,  on  water  hammer  and  the  surge 
tank,  has  been  mostly  rewritten.    Arts.   177-182  have  been 
entirely  revised,  so  as  to  include  modem  turbines  and  the 
methods  for  their  dLscussion,  while  old  Art.  202  has  been  re- 
placed by  a  new  one  on  hydraulic  machinery. 

The  authors  arc  indebted  to  Prof,  Lewis  F.  Moody  of  Rens- 
selaer Polytechnic  Institute,  to  W.  M.  White,  Chief  Engineer 
of  Allis-Chalmcrs  Manufacturing  Company,  to  Robert  E. 
Hortonj  Consulting  Engineer,  and  to  other  professors  and 
hydraulic  engineers  for  valuable  suggestions  and  kind  assistance. 

New  Yokk,  July,  igi6. 
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TREATISE  ON  HYDRAULICS 


CHAPTER    1 


FUNDAMENTAL  DATA 


AitncLE  1.    Units  of  Measure 

The  unit  of  linear  measure  universally  used  in  English  and 
American  hydraulic  literature  is  the  foot,  which  is  defined  as 
one-third  of  ttte  standard  yard.  For  gome  minor  purposes,  such 
ts  the  designation  of  the  diameters  of  orifices  and  piix-s,  the  inch 
E  employed,  but  inches  should  alwaj's  be  reduced  to  feet  for  use 
ia  hydraulic  formulas.  The  unit  of  superficial  measure  is  usually 
the  square  foot,  except  for  the  expression  of  the  intensity  of  pres- 
sures, when  the  square  inch  is  more  commonly  employed. 
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The  units  of  volume  employed  in  measuring  water  arc  the 
cubic  foot  and  the  gallon,  but  the  latter  must  always  be  reduced 
to  cubic  feet  for  use  in  hydniulic  formulas.  In  Great  Britain  and 
its  colonies  the  Imperial  gallon  is  used,  but  in  the  United  States 
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the  old  English  gallon  has  continued  to  be  employed,  and  the 
former  is  jo  percent  larger  than  the  latter,  The  following  are 
the  relations  between  the  cubic  foot  and  the  two  gallons : 

I  cubic  foot  =  0.2288  Imp.  gallons  =  7.481  U.  S.  gallons 
I  Imp.  gallon  =  Oiitoj  cubic  feet  =  1.201  U,  S.  gallons 
I  U.  S.  gallon  =  0.1337  cubic  feet       =  o.Sj»  Imp.  gallons 

In  this  book  the  word  "gallon"  will  always  mean  the  United 
States  gallon  of  231  cubic  inches,  unless  otherwise  stated. 
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The  unit  of  force  is  the  pound,  or  the  force  exerted  by  gravity 
at  the  surface  of  the  earth  on  a  mass  of  nui  Iter  calk'd  the  avoirdu- 
pois pound.  This  unit  is  also  used  in  measuring  weights  and 
pressures  of  water.  The  intensity  of  pressure  is  measured  in 
pounds  per  square  foot  or  in  pounds  per  square  inch,  as  may  be 
most  convenient,  and  sometimes  in  atmospheres.  Gages  for 
recording  the  pressure  of  water  arc  usually  graduated  to  read 
pounds  per  square  inch. 

The  unit  of  time  to  be  used  in  all  hydraulic  formulas  is  the 
second,  although  in  numerical  problems  the  lime  is  often  stated 
in  minutes,  hours,  or  days.  Velocity  or  speed  is  dcBned  as  the 
Space  passed  over  by  a  body  in  one  second,  under  the  condition 
of  uniform  motion,  so  that  velocities  arc  to  be  always  expressed 
in  feet  per  second,  or  are  to  be  reduced  to  these  units  if  stated  in 


Pfayscal  Prcqicrticw  of  Water.     Arl,  S 


Bules  per  hour  or  otherwise.    Acceleration  is  the  velocity  gained 
io  one  second,  and  it  t$  measured  in  feel  per  second  per  second. 

The  unit  of  worlc  is  the  foot-pouiul ;  that  is,  one  pound  lifted 
thruugh  a  vertical  distance  o{  one  foot.  Energy  is  work  whicli 
can  be  done ;  for  example,  a  moving  body  has  the  ability  to  do 
a  certain  amount  of  work  by  virtue  of  its  quantity  of  matter  and 
its  velocity,  and  this  is  called  kinetic  cncrgv'.  Again,  water 
at  the  top  of  a  fall  has  tlie  ability  to  tlo  a  certain  amount  of  work 
by  Wrtuc  of  its  quantity  and  its  height  above  the  foot  of  the  fall, 
and  this  is  called  potential  energy.  Potential  energy  changes 
into  kinetic  energy  a»  the  water  drops,  and  kinetic  energy  is 
dther  changed  into  heat  or  may  be  transformed,  by  means  of  a 
water  motor,  into  useful  work.  Power  is  work  done,  or  energy 
(tpable  of  being  transformed  into  work,  in  a  s;)ecilied  time,  and 
the  unit  for  its  measure  is  the  horse-power,  which  is  550  foot- 
pounds ]M:r  second. 

In  French  and  Gernrnn  literature  the  metric  system  of  measures 
is  employed,  and  this  is  far  more  con^'enicnt  than  the  Knglish  one  in 
bydratilic  com|niial)un^  This  s\'^Ii^ni  is  iindetMowl  and  more  or  less 
ascd  in  all  countries,  and  its  universal  a(lo|>tion  will  probably  occur 
during  the  present  century,  but  the  time  has  not  yet  come  when  an 
American  engineering  book  can  be  prrjured  wholly  in  metric  measures. 
This  treatise  will,  therefore,  iTialiily  u.'>e  the  English  units  described 
above,  but  at  the  dose  ol  most  of  the  chapters  hydraulic  data,  tables, 
wad  cmpirkal  formulas  will  be  Riven  in  nietric  measures.  At  the  end 
tt  the  volume  will  be  found  iMv^  giving  fundamental  hydraulic 
constants  and  equivalents  in  each  system  of  the  principal  units  in 
the  other  system. 

Problem  I.  \Vhun  one  cubic  foot  of  water,  weighing  61I  pounds,  folia 
eadi  tcmnd  through  a  vertical  height  oi  11  feet,  what  horeeiwirer  can 
bedcvdopcd  by  a  hydraulic  motor  which  utilizes  Sopeiccnt  of  tbeenvTsy? 


Art.  2.    Physical  Properties  of  Water 

At  ordinary  temperatures  pure  water  is  a  colorless  liquid  which 
poacsscs  almost  perfect  fluidity;  that  is,  its  particles  have  the 
capacity  of  moving  over  each  other,  so  that  the  slightest  dis- 
turbooce  of  equilibrium  causes  a  flow.    It  is  a  consequence  of 
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fliis  property  that  the  surface  of  still  water  is  always  level ;  also 
if  several  vesseb  or  tubes  be  connected,  as  in  Fig.  2,  and  watei 
be  poured  into  one  of  them,  it  rises  in  the  others  until,  when 
equiUbrium  ensues,  the  free  surfaces  are  in  the  same  level  plane, 

The  free  surface  of  water  is  in  a  different  molecular  condltioE 
from  the  other  portions,  its  particles  being  drawn  together  b> 

stronger  attractive  forces, 
so  as  to  form  what  ma> 
be  called  the  "skin  of  the 
water,"  upon  which  insects 
may  walk,  or  a  needle  b< 
^*-  ^-  caused  to  float.    The  skii 

is  not  immediately  pierced  by  a  sharp  point  which  moves  slowlj 
upward  toward  it,  but  a  slight  elevation  occurs,  and  this  property 
enables  precise  determinations  of  the  level  of  still  water  to  b< 
made  by  the  hook  gage  (Art.  35). 

At  about  32°  Fahrenheit  a  great  alteration  in  the  moleculai 
constitution  of  water  occurs,  and  ice  is  formed.  If  a  quantity 
of  water  be  kept  in  a  perfectly  quiet  condition,  it  is  found  that  iti 
temperature  can  be  reduced  to  20°  or  even  to  15°  Fahrenheit 
before  congelation  takes  place,  but  at  the  moment  when  this 
occurs  the  temperature  rises  to  32°.  The  freezing-point  is  henct 
not  constant,  but  the  melting-point  of  ice  is  always  at  the  samt 
temperature  of  32°  Fahrenheit  or  0°  centigrade. 

While  water  freezes  at  32°  Fahrenheit,  yet  its  maximum  den 
sity  is  reached  at  39° -3  Fahrenheit.  At  this  latter  temperaturt 
its  specific  gravity  is  i.o  while  at  32°  it  is  0.99987.  As  the  tem- 
perature rises  above  that  of  maximum  density  the  specific  gravitj 
of  water  steadily  grows  smaller  untU  the  boiling-point  is  reached 
at  21a''  Fahrenheit  when  its  specific  gravity  is  0.95865.  To  th( 
occurrence  of  the  maximum  density  at  a  temperature  above  tht 
freezing-point  is  to  be  attributed  the  fortunate  circumstana 
that  ponds  and  streams  do  not  freeze  solid  from  the  bottom  up 

Ice,  as  a  rule,  forms  upon  the  surface  of  the  water  in  a  solic 
sheet.  The  rapidity  with  which  such  ice  forms  is  dependent  ot 
the  temperature  and  decreases  with  the  thickness  of  the  ice-sheet 
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The  coefficient  of  linear  expansion  of  ice  varies  from  0.0000408 
lo  0.0000197  3*  ihf  ttmiwraturt  varies  from  +30°  Fahrenheit 
lo  —  30°  Fahrenheit."  Under  certain  conditions  a  rise  in 
temperature  may  cause  a  considerable  expansion,  and  if  the 
sbcct  is  a  heavy  one  and  expansion  is  prevented,  the  prcs»urc 
brought  to  bear  on  any  resisting  surface  becomes  very  great. 
A  second  variety  of  ice  called  frazil  or  slush  ice  is  formed  in 
rapidly  flowing  water  when  the  temperature  of  the  air  is  mate- 
rially below  the  freezing-point.  This  ice  is  formed  in  the  shape 
of  small  needles  whicli  are  carried  along  and  deposited  in  quiet 
water  below.  Accumulations  of  frazit  to  a  depth  of  80  feet  have 
been  known.*  A  third  variety,  luio^vn  as  anchor  ice.  may  of 
itself  be  formed  directly  on  the  bed  and  sides  of  a  rapidly  flow- 
ing stream  or  be  increased  in  volume  by  accretions  of  fraTJl,  In 
cold  countries  the  design  of  hydraulic  structures  must  take  into 
■ccount  all  of  these  three  kinds  of  ice. 

Water  is  a  solvent  of  high  efficiency,  and  is  therefore  never 
iactnd  pure  in  nature.  Pe^tcirndiiig  in  the  form  of  ruin,  it  ahdorbs 
<liBt  and  gaseous  impurities  from  the  atmosphere ;  flowing  ovw  the 
surface  of  the  earth  it  absorbs  organic  and  mineral  substances.  These 
iffixt  it.-'  wrijthi  only  slightly  iw  long  lis  it  remains  fresh,  Inil  when  it 
he  reached  the  sea  and  becomes  salt,  its  weight  is  increased  more  than 
1  percent.  The  Sow  of  water  throuith  orifices  is  only  in  a  very  slight 
degree  affected  by  the  impwritics  held  in  solution,  but  in  the  How 
through  pipes  they  often  cause  incrustation  or  corrosion  which  in- 
cnaues  the  roughness  of  tlte  surface  and  diminishes  the  velodty. 

The  capacity  of  water  for  heat,  the  latent  heat  evolved  when  it 
btezex,  and  that  nbsorl)cd  when  it  is  transformed  into  steam  need  not 
be  considered  for  the  purposes  of  hydraulic  investigations.  Other  ■ 
physical  pr(^rti(-.«,  such  as  its  variulinn  in  volume  willi  the  tempera- 
tare,  its  compressibility,  and  its  capacity  for  transmitting  pressures, 
ue  discttsscd  in  the  followtnK  pages.  The  laws  which  govern  its 
preSfure,  flow,  and  energy  under  VTirioiis  circumstances  belong  to  the 
■dence  of  Hydraulics  and  form  the  subject-matter  of  this  voturae. 

Prob.  2.  How  many  degrees  centigrade  arc  equivalent  to  —  w"  Fah- 
reaheiL?  Howmanydf-RTot-sFahrciil^eicarcequivalent  10  —  lo'oenttgrade 
siul  how  many  to  +  10"  cenligriiilv  ? 

*  name*'*  hx  Fanxution  (New  York,  tgob),  pp.  loG,  siA, 
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Art.  3.    The  Weight  of  Water 

The  wdght  of  water  per  unit  of  volume  depends  upon  the 
temperature  and  upon  its  degree  of  purity.  The  following  ap- 
proximate values  are,  however,  those  generally  employed  except 
when  great  precision  is  required : 

I  cubic  foot  of  water  weighs  62,5  pounds 
I  U.  S.  gallon  of  water  weighs  8.355  pounds 

These  values  will  be  used  in  this  book,  unless  otherwise  stated, 
in  the  solution  of  the  examples  and  problems. 

The  weight  per  unit  of  volume  of  pure  distilled  water  is  the 
greatest  at  the  temperature  of  its  maximum  density,  39''.3  Fah- 
renheit, and  least  at  the  boiling-point.  For  ordinary  computa- 
tions the  variation  in  weight  due  to  temperature  is  not  considered, 
but  in  tests  of  the  efficiency  of  hydraulic  motors  and  of  pumps 
it  should  be  regarded.  The  following  table  contains  the  weights 
of  one  cubic  foot  of  pure  water  at  different  temperatures  as  de- 
duced by  Hamilton  Smith  from  the  experiments  of  Rosetti.* 

Table  3.    Weight  of  Distilled  Water 
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"  Hamiltoii  Smith,  Jr.,  Hydraulics :  The  Flow  of  Water  through  Orifices,  ovei 
Weirs,  and  through  Open  Conduits  and  Pipes  (London  and  New  York,  1S86),  p.  1/ 
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Waters  of  rivers,  springs,  and  lakes  hold  in  su&pL>nsit>n  and 
sdutioa  inorganic  matters  which  catuc  the  weight  per  unit  or 
volume  to  be  slightly  greater  than  for  pure  water.  River  waters 
ire  usually  between  62.3  and  62.6  pounds  per  cubic  foot,  de- 
pending upon  the  amount  of  impurities  and  on  the  temperature. 
while  the  water  of  some  mineral  springs  has  been  found  to  be  as 
Ugh  as  62.7.  It  appears  that,  in  the  .ibaence  of  specific  informa- 
tian  regarding  a  particular  water,  the  weight  63.5  pounds  per 
qibic  foot  13  a  fair  approximate  value  to  use.  It  also  has  the  ad- 
nntage  of  being  a  convenient  number  in  computations,  for  62.5 
pounds  is  looo  ounces,  or  ^ij''  i»  the  equivalent  of  61.5. 

Brackish  and  salt  waters  are  always  much  heavier  than  fresh 
water.  For  the  Gulf  of  Mexico  the  weight  per  cubic  foot  is  about 
63.9,  for  the  oceans  about  64.1,  while  for  the  Dead  Sea  there  is 
stated  the  value  73  pounds  per  cubic  foot.  For  Great  Salt  I-akc 
Ihe  wdght  of  water  varies  from  69  to  76  pounds  per  cubic  foot.* 
The  weight  of  ice  per  cubic  foot  varies  from  57.1  to  57.5  pounds. 
The  sewage  of  American  cities  is  impure  water  which  weighs  from 
62-4  to  63.7  pounds  per  cubic  foot,  but  the  sewage  of  European 
cities  is  somewhat  heavier  on  account  of  the  smaller  amount  of 
water  that  is  turned  into  the  sewers. 

I*rulf.  3.  How  nuiny  gslloRs  of  vistiKi  an  conluiiu'd  in  a  pi[>e  4  inches 
in  diuixricTuid  ii  feet  long?  How  m.iny  ptninilKof  malcr  ut  contained 
In  a  pipe  8  inches  in  diameter  and  ■  i  foct  long  ? 

Art.  4.    Atmospueric  Pressure 

Torricelli  in  1643  discovered  that  the  atmospheric  pressure 
would  cause  mercur>'  to  rise  in  a  tube  from  which  the  air  had  been 
cxbaosted.  This  instnimetit  is  called  the  mercury  barometer, 
and  owing  to  the  great  density  of  mercury  the  height  of  the  column 
required  to  baltnce  the  atmospheric  pressure  is  only  about  30 
inches.  When  water  is  used  in  the  vacuum  tube,  the  height  of 
tbc  column  is  about  34  feet.  In  both  cases  lijfc  weight  of  the 
barometric  column  is  equal  to  the  weight  of  a  colimin  of  air  of 
ibc  same  cross-scctinn  as  that  of  the  tube,  both  columns  being 
ffleasureil  upward  from  the  common  surface  of  contact. 
*  SdcDoe,  Oct.  at,  1910. 
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The  atmosphere  exerts  its  pressure  with  \-arying  intcnuty 
as  indicated  by  liie  readings  of  the  mercury  barometer.  At  and 
near  the  sca  level  the  average  n-ading  is  30  inches,  and  as  mercury 
weighs  0.49  pounds  per  cubic  inch  at  common  temperatures,  the 
average  atmoi^phcric  pressure  is  taken  to  be  30  X  049  or  14.7 
pounds  per  square  inch.  The  pressure  of  one  atmosphere  b 
therefore  defined  to  be  a  pressure  of  14.7  pounds  per  square  inch. 
Then  a  pressure  of  two  atmospheres  is  19.4  pounds  per  square 
inch.  And  conversely,  a  pressure  of  100  pounds  [>er  square  inch 
may  be  expressed  as  a  pressure  of  6.8  atmospheres. 

Pascal  in  1646  carried  a  mercury  barometer  to  the  top  of  a 
mountjiin  and  found  that  the  height  of  the  mercury  column  de- 
crcasL-d  as  he  ascended.  It  was  thus  definitely  proved  that  the 
cause  of  the  ascent  of  the  liquid  in  the  vacuum  tube  was  due  to 
the  pressure  of  the  iiir.  Since  mercury  is  13.6  times  heavier  thao 
water,  a  column  of  water  should  rise  to  a  height  of  30  X  13.6  = 
408  inches  =  54  feel  under  the  pressure  of  one  atmosphere,  and 
this  was  also  found  to  be  the  case.  A  water  barometer  h  imprac- 
ticable for  use  in  measuring  atmospheric  pressures,  but  it  is  con- 
venient to  know  its  approximate  height  corresponding  to  a  given 
height  of  the  mercury  barometer.  Table  4  shows  heights  of 
the  mercury  and  water  barometers,  with  the  corresponding  pres- 
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in  pounds  per  squsre  inch  and  in  atmospheres.  It  also 
iris,  in  ihc  fifth  column,  values  from  Uic  vertical  scale  of  alti- 
tudes used  in  barometric  leveling  which  show  approximate  eleva- 
lIoQE  above  sea  level  corn-sponding  to  barometer  readings,  pro- 
vided that  the  reading  at  sea  level  is  $0  inches.  In  the  last 
colunin  are  apfiroximale  butling-potnts  uf  water  corres])onding  to 
Ihc  readings  of  the  mercury  barometer. 

The  atmospheric  pressure  must  be  taken  into  account  in  many 
oimputations  on  the  flow  of  water  in  tubes  and  pipes.  It  is  this 
pressure  that  causes  water  to  flow  in  syj>hons  and  to  rise  in  tubes 
from  which  the  air  has  been  exhausted.  By  virtue  of  this  pres- 
sure the  suction  pump  is  rendered  [xissible,  and  all  forms  of  in- 
joctor  pumps  depend  upon  it  to  a  certain  degree.  On  a  planet 
without  an  atmosphere  many  of  the  phenomena  of  hydraulics 
would  be  quite  different  from  those  observed  on  this  earth. 

Prob.  4.  .\  mercury  barometer  rcaits  io.i$  inches  nt  the  fixit  o[  n  hilt, 
and  at  the  same  time  another  barometer  reads  19.56  inches  at  the  top  of 
the  hJlL     What  a  tbedidercncc  in  height  helwccn  ihc  iwostAtioiu? 


* 


Art.  5.    CoMPRESsiBitrry  op  Water 


The  popular  opinion  that  water  is  incompressible  is  not  justi- 
fied by  experiments,  which  show  in  fact  that  it  is  more  compress- 
Q>lc  than  iron  or  even  timber  within  the  elastic  limit.  These 
eqieriments  indicate  that  the  amount  of  compression  is  directly 
pnjporttonal  to  the  applied  pressure,  and  that  water  is  perfectly 
elastic,  recovering  its  original  form  on  the  removal  of  the  pressure. 
The  decrease  in  the  unit  of  volume  caused  by  a  pressure  of  one 
atmosphere  varies,  according  to  the  experiments  of  Grassi,  from 
0.000051  at  35°  Fahrenheit  to  0.000045  ^^  ^°  Fahrenheit.*  As 
a  mean  0.00005  ""^V  ^  taken  for  this  cubical  unit-compression. 

A  vertical  column  of  water  accordingly  increases  in  density 

from  the  surface  downward.     If  its  weight  at  the  surface  be  62,5 

pounds  per  cubic  foot,  at  a  depth  nf  34  feet  the  weight  of  a  cubic 

(ool  will  be      ,      .    ,  V     i   ■  J 

62.5(1  +0.00005)=  6 J.503  pounds, 


*  Gra«al,  Aiuialn  <k  cbcmic  c(  phjiique,  iSji,  vol.  51.  p.  437. 
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and  at  a  depth  of  340  feet  a  cubic  foot  will  weigh 

62.5(1  +0.0005)=  62.55  pounds. 

The  VHriatioi)  in  weight,  due  to  compressibility,  is  hence  too 
small  to  be  regarded  in  hydrostatic  computations^. 

The  modulus  of  ela.sticity  of  volume  for  water  is  the  ratio  of] 
the  unit-stress  to  the  cubical  unit-compression,  or 

E  =  — ^J—  =  204  000  pounds  per  square  inch. 
0.00005 

The  modulus  of  elasticity  of  volume  for  slee!.  when  subjected  to 
uniform  hydrostatic  pressure,  is  the  same  as  the  common  mixlu- 
lus  due  to  stress  in  one  direction  only,  or  £  =  30  000  000  pounds 
per  square  inch.  Hence  water  is  about  100  times  more  com- 
pressible than  steel. 

The  velocity  of  sound  or  stress  in  any  substance  is  given  by 
the  formula  u  =  y/Eg/w,  where  w  is  the  weight  of  a  cubic  unit 
of  the  materi;il  weighed  by  a  spring  balance  at  tlie  place  where 
the  acceleration  of  gravity  is  g  (.Art.  6).  For  water  having 
w  =  62.4  pounds  per  cubic  foot  at  a  place  where  g  =  ja.a 
feet  per  second  per  second,  and  E  =  42300000  pounds  per 
square  foot,  this  formula  gives  «  =  4670  feet  per  second  for 
the  velocity  of  sound,  which  agrees  well  with  the  results  of  ex- 
periments. 

In  order  to  deduce  the  alwve  formula  for  the  velocity  of  stress  it 
is  necessary  to  use  sonic  of  the  fundumrntal  principtes  of  elementary 
mechanics  and  of  the  mechanics  of  elastic  bodies.  Let  a  free  rigid 
bo<Iy  of  wight  W  be  acted  U|>on  for  one  second  by  a  constant  force  P 
and  let  /  be  the  velocity  of  the  body  at  the  end  of  one  si-cond.  Ix-t  g 
be  the  velocity  gained  in  one  second  by  11^  what  fallin);  under  the  action 
of  the  constant  force  of  gravity.  Then,  since  torcL-s  arc  proportional 
lo  their  accelerations,  F=  W.  f/g,  ami  during  the  second  of  time  the 
body  has  moved  the  distance  (/.  Xow,  consider  a  long  eluAtic 
bar  of  the  length  u,  so  that  a  force  applied  at  one  end  will  be  felt  at 
the  other  end  in  one  .second,  it  being  propagated  by  virtue  of  the 
elasticity  of  the  material.  Let  A  be  the  area  of  the  cross-section 
of  the  bar  and  £  the  modulus  of  elasticity  of  the  material.  When  a 
constant  compressive  force  F  is  applied  to  the  buj,  the  shortening  ul- 


whence  1*=^^  (6) 


Aoceloration  Due  to  Gravity.     Art.  6  11 

liraately  produced  is  i  F»IA  E*  but  if  this  be  done  for  one  second  only 
tbe  elonii^ttun  is  only  half  this  ainouDt,  since  the  tint  incrnncnt  of 
stros  is  just  reaching  the  other  end  of  the  bar  at  the  end  of  the  second. 
He  ceoter  of  gravity  of  the  bar  has  then  moved  through  the  distance 
I  Pm/AE,  and  its  x-elocity  v  is  Fu/AE.  If  tv  is  this  wdKht  of  a 
cnbk  unit  of  the  material,  the  wciRht  W  is  wAm.  Ia*erting  these 
rallies  of  V  and  W  in  the  above  eqiution,  there  is  found 

^H  wAu"  AEg 

which  is  the  formula  for  the  propagation  of  sound  or  stress  in 
elastic  matcriaU  first  e»tabli.shed  by   \evrton. 

[hob.  5.  Compute  the  velocity  of  sound  in  distilled  witcr  at  35*  and* 
also  Bt  00"  Fahrenheit-  I 

Art.  6.    Acceleration  Due  to  GRAvmf  \ 

The  motion  of  water  in  river  channels,  and  its  flow  through 
orifices  and  pipes,  is  produced  by  the  force  of  gravity.  This  force 
b  proportional  to  the  acceleration  of  the  velocity  of  a  body  falling 
bcety  in  a  vacuum ;  that  Is,  to  the  increase  in  velocity  in  one  scc- 
oRcL  Acceleration  is  measured  in  feet  per  second  per  second,  so 
ihat  its  numerical  \'alue  represents  the  number  of  feel  per  second 
which  have  been  gained  in  one  second.  The  letter  g  is  used  to 
denote  the  acceleration  of  a  fatHn^f  body  near  the  surface  of  the 
earth.  In  pure  mechanics  g  is  found  in  alt  formulas  relating  to 
bDing  bodies ;  for  instance,  if  a  body  falls  from  m^l  through  the 
height  A,  it  attains  in  a  vacuum  a  velocity  equal  to  ^/igh.  In 
hydraulics  g  is  found  in  all  formulas  which  express  the  laws  of 
Qow  of  water  under  the  influence  of  gravity.  1 

The  quantity  33.3  feet  per  second  per  second  is  an  approxi- 
mate value  of ;  which  is  often  uscH  in  hydraulic  formulas.  It  U, 
bowever.  well  known  that  the  force  of  gra\-ity  is  not  of  constant  I 
intensity  over  the  earth's  surface,  but  i.s  greater  at  the  poles  than 
at  the  equator,  and  also  greater  at  the  sea  level  than  on  high 
iDDunlains.  The  following  formula  of  Peircc,  which  is  partly 
theoretical  and  jtartly  empirical,  gives  g  in  feet  per  second  per 

*  llcrriraan'*  Mcdunks  ot  \tatcrial  (Xe*  Voik,  191 1),  pf>.  15, 515.  I 
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second  for  any  latitude  /,  and  any  elevation  e  above  the  sea  level, 
e  bdng  in  feet : 

g  =  32.0894  (1+0.0052375  sin*/)  (i-o>X)00ooo957«)     (6)1 
and  from  this  its  value  may  be  computed  for  any  locality. 

The  greatest  value  of  j;  is  at  the  sea  level  at  the  pole,  and 
for  this  locality  l  =  go°,  e=o,  whence  g  =  32,258.  The  least 
value  of  g  is  on  high  mountains  at  the  equator ;  for  this  there 
may  be  taken  l  =  o°,  e=  10  000  feet,  whence  g  =  32.059.  The 
mean  of  these  is  the  value  of  the  acceleration  used  in  this  book, 
unless  otherwise  stated,  namely, 

g  =  32.16  feet  per  second  per  second, 

and  from  this  the  mean  values  of  the  frequently  occurring 
quantities  Vag  and  1/2^  are  found  to  be 

V2|=8.o2o,  1/2^  =  0.01555.  (6)» 

If  greater  precision  be  required,  which  will  sometimes  be  the  case, 
g  can  be  computed  from  the  above  formula  for  the  particular 
latitude  and  elevation.  Table  6  gives  multiples  of  the  quantities 
g,  2g,  i/2g,  and  V2g  which  will  often  be  useful  in  numerical 
computations. 

Table  6.    Acceleration  of  Gravity 
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Prob.  6.  Compute  to  four  significant  figures  the  values  of  g  and 
Vig  for  the  latitude  of  40  36  and  the  elevation  400  feeL  Also  for 
the  same  latitude  and  the  elevatioa  4000  feet. 


Hiirt<)rical  Not«8.     Art.- 7  18 

Art.  7.    Historical  Notes 

Hiilraulics  is  that  branch  of  the  mechanics  of  fluids  which 

tnats  of  water  tn  motion,  while  Ffydrostatics  treats  of  water  at 

roL    Tliese  two  branches  are  sometimes  regarded  as  a  part  of 

H}xln>mechanics,  the  name  of  the  mechanics  of  fluids  und  gases. 

HlQe  the  main  purpose  of  this  book  Is  to  treat  of  water  in  motion, 

tkmost  im[H>riuiit  principles  of  hydrostatics  will  also  be  discussed. 

SKe  these  arc  necessary  tor  a  complete  development  of  the  laws 

d  How.    The  word  "Hydraulics"  is  hence  here  used  as  dosely 

l^iKHij'mous  with  the  hydromechanics  of  water. 

Hydraulics  is  a  modern  science  which  is  still  far  from  perfect. 
Archimedes,  about  250  b.c,  established  a  few  of  the  principles 
of  hydrostatics  and  showed  thai  the  weight  of  an  immersed  body 
it  kss  than  its  weight  in  air  by  the  weight  of  the  water  that  it 
&placcs.  Chain  and  bucket  pumps  were  used  at  this  period  by 
Ibc  Egyptians,  and  the  force  pump  was  invented  by  Ctcsibius 
dxMit  1 20  B.C.  The  Romans  built  aqueducts  as  early  as  300  B.C., 
aod  later  used  earthen  and  lead  pipes  to  convey  water  from  them 
to  their  houses.  They  knew  thai  water  would  rise  in  a  lead  pipe 
to  the  same  level  as  in  the  aqueduct  and  that  a  slope  was  neces- 
nry  to  cause  flow  in  the  latter,  but  had  no  conception  of  such  a 
litnple  quantity  as  a  cubic  foot  per  minute,  bven  this  slight 
knowledge  was  lost  after  the  destruction  of  Rome,  475  a.d.,  and 
Europe,  for  a  thousand  years  sunk  in  barbarism,  made  no  sciea- 
tific  inquiries  until  the  Renaissance  period  began. 

Galileo,  Jn  1630,  studied  the  subject  of  the  flotation  of  bodies 
io  water,  and  a  little  later  his  pupils  CastelU  and  TorricelU  made 
■Dtabte  discoveries,  the  former  on  the  flow  of  water  in  rivers 
and  tbc  latter  on  the  height  of  a  jet  issuing  fn)m  an  orifice. 
Pascal,  about  1650,  extended  Torricelli's  researches  on  the 
influence  of  atmospheric  pressure  in  causing  liquids  to  rise  in 
a  vacuum.  Mariotte.  about  1680,  considered  the  influence  of 
friction  in  retarding  the  flow  in  pipes  and  channels,  and  New- 
ton, in  1685,  observed  the  contraction  of  a  jet  issuing  from  an 
oriflce. 
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During  the  eighteenth  century  notable  advances  were  made. 
Danid  and  John  Bernoulli  extended  the  thcorj'  of  the  equilibrium 
and  motion  of  fluids,  and  this  theory  was  much  improved  and  ■ 
generalized  by  D'Alembert.  Bosaut  and  Dubuat  made  experi- 
ments on  the  flow  of  water  in  pipes  and  dcducetl  practical  coefli- 
cieats,  white  Chezy  and  Prony,  near  the  close  of  the  century, 
established  general  formulas  for  computing  velocity  and  discharge. 

During  the  nineteenth  century  progress  in  every  branch  of 
hydraulics  was  great  and  rapid.  Eytelwcin,  Weisbach,  and 
Hagcn  stood  high  among  German  experimenters;  VVnturi  and 
Bidone  among  those  of  Italy ;  Poncelet,  Darcy,  and  Bazin  among  1 
those  of  France ;  while  Kutter  in  Switzerland,  Rankine  in  Kng- 
land,  and  James  B.  Francis  and  Hamilton  Smith  in  America  also 
look  high  rank  for  either  practical  or  theoretical  investigations. 
By  the  experiments  and  discussions  of  these  and  many  other  en- 
gineers the  necessary  coeflicicnts  for  the  discussion  of  orifices, 
weirs,  Jets,  pipes,  conduits,  and  rivers  have  been  determined  and 
the  theory  of  the  flow  of  water  has  been  much  extended  and  per- 
fected. The  invention  of  the  turbine  by  Fourneyron  in  1S27 
exerted  much  influence  upon  the  development  of  water  power, 
while  the  studies  necessfiry  for  the  construction  of  canals  and  for 
the  impro\'ement  of  rivers  and  harbors  have  grcatl)'  promoted 
hydraulic  science.  In  this  advance  the  engineers  of  the  United 
SUtcs  did  much  good  work  during  the  latter  part  of  the  nineteenth 
and  are  continuing  it  during  the  present  part  of  the  twentieth 
century,  as  is  shown  by  the  numerous  valuable  papers  published 
in  the  Transactions  of  the  .Vmcrican  engineering  societies  and  in 
the  scientiflc  press,  many  of  which  will  be  cited  in  this  book. 

Galileo  said  in  1650  that  the  laws  controlling  the  motion  of 
the  planets  in  their  celestial  orbits  were  better  understood  than 
those  governing  the  motion  of  water  on  the  surface  of  the  earth. 
This  is  true  today,  for  ihe  theory  of  tlic  flow  of  water  in  pipes 
and  channels  ha*  not  yet  been  perfected.  E.xperinient  is  now 
in  advance  of  theory,  but  it  is  intended  to  present  both  in  this 
volume  as  far  as  practicable,  for  each  is  necessary  Lo  a  satisfac- 
tory understanding  of  the  other.  *^ 
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ftoiL?.  Wbci  was  the  author  of  n  book  cnllciJ  I^wrll  [lydraulic  Ex- 
pmneols?  When  ond  where  was  it  publiahwl?  What  inllucncv  has  it 
mtad  upon  hydraulic  wcienoe? 

Art.  8.    Numerical  CoupuTA-no>fS 

The  numerical  work  ol  computation  should  not  be  carried 
to  a  greater  dt^rcc  of  refinement  than  the  data  of  the  problem 
warrant.  For  instance,  in  questions  relating  to  pressures,  the 
data  arc  uncertain  in  the  third  signiticant  iigurc,  and  hence  more 
figures  than  three  in  the  final  result  must  be  delusive.  Thus 
ht  it  be  required  to  compute  the  number  of  pounds  of  water  in  a 
box  containing  307.37  cubic  feet.  Taking  the  mean  value  63.5 
poonds  as  the  weight  of  one  cubic  foot,  the  multiplication  gives 
the  result  19  310.615  pounds,  but  evidently  the  decimals  here  have 
DO  precision,  since  the  last  figure  in  63.5  is  not  accurate,  and  is 
iikdy  tu  be  less  than  5.  dejKrnding  upon  the  impurity  uf  the  water 
and  its  temperature.  The  proper  answer  to  this  problem  is 
19  200  pounds,  or  perhaps  19  310  pounds,  and  this  is  to  be  re- 
garded a.<i  a  probable  average  result  rather  than  an  exact  quantity. 

Three  signiAcant  figures  arc  usually  sufficient  in  the  answer 
to  any  hydraulic  problem,  but  in  order  that  the  last  one  may  be 
correct  four  significant  figures  should  be  used  in  the  computa- 
tions. Thus,  307.37  has  live  significant  figures  and  this  should  be 
written  307.4  before  multiplying  it  by  63.5.  Tlie  zeros  following ' 
a  decimal  point  of  a  decimal  arc  not  counted  significant  figures ; 
thus,  0.0019  has  two  and  0.000374J  has  four  significant  figures. 

The  use  of  logarithms  is  to  be  recommended  in  hydraulic 
compulations,  as  thereby  both  mental  labor  and  time  are  saved. 
Four-figure  tables  are  suiTicient  for  common  problems,  and  their 
use  is  particularly  advantageous  in  all  cases  where  the  data  arc 
not  precise,  as  thus  the  number  of  significant  figures  in  final 
results  is  kept  at  about  three,  and  hence  statements  impl>Hngi 
great  precision,  when  none  really  e.\ists.  are  prevented.  TheJ 
four-place  logarithmic  table  at  the  end  of  this  volume  will  be  found 
very  convenient  in  solving  numerical  problems.  .As  an  example, 
let  it  be  required  to  find  the  weight  of  a  column  of  water  2.66 
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[iches  square  and  28.7  feet  long.     The  computation,  both  by 

jmmon  arithmetic  and  by  logarithms,  is  as  follows,  and  it  wiJl 

found,  by  trying  similar  problems,  that  in  general  the  use  of 


By  Arilhmetic 

By  Logarilhma 

2.(36 

□.□4914 

3.66      0.4149 

2M 

18.7- 
gSaS 

3 

Si-' 

0.S493 

159^ 

393" 

144    1-1584 

i6o| 144 

3439 

1.6914 

7.076(0.049; 

14 

1.41a 

aS.7     I-4S79 

S76 

fij.S 

6i-S     '7959 

1316 

S46 

Aas.  88.1     1.9451 

iiq6 

181 

30 

70 

"4 

6 

Ads. 

SS.i  pouDda. 

Igarithms  elTects  a  saving  of  time  and  labor.  The  common 
lide  rule,  which  is  constructed  on  the  logarithmic  principle,  will 
|so  be  found  very  useful  in  the  numerical  work  of  many 
iraulic   problems. 
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These  results  arc  more  accurate  than  can  be  obtained  with  four- 
fbct  logvithmic  tables.  The  logarithmic  work  for  this  case 
■odd  be  the  following : 


?i3-4. 

JI8.7 

^.6 

».S'*9 

a.jo34 

"■0W9 

«.ft;4a 

o.tHo 

0.8740 

3»69 

3-37M 

».86t9 

»A9i 

IJ84 

7iJ-1 

Ai  thb  book  is  mainly  intended  for  the  use  of  students  in 
Itdmical  schools,  a  word  of  advice  directed  especially  to  them 
ooiFoot  be  inappropriate.  It  will  be  necessary  for  students,  in 
etder  to  gain  a  clear  understanding  of  hydraulic  science,  or  of 
any  other  engineering  subject,  to  solve  many  numerical  problems, 
■fid  m  this  a  neat  and  systematic  method  should  be  cultivated. 
The  practice  of  performing  computations  on  any  loose  scraps  of 
pips  that  may  happen  to  be  at  hand  should  be  at  once  discon- 
tinucd  by  every  student  who  has  followed  it,  and  he  should  herc- 
iba  solve  his  problems  in  a  special  book  provided  for  that  pur- 
ine, and  actomjxmy  ihem  by  such  explanatory  remarks  as  may 
waa  necessary'  in  order  to  render  the  solutions  clear.  Such  a. 
■Olfrbook,  written  in  ink,  and  containing  Ihc  fully  worked  out 
ukb'ons  of  the  examples  and  problems  given  in  these  pages, 
mil  prove  of  great  valut  to  every  student  who  makes  it.  Before 
helming  the  solution  of  a  problem  a  diagram  should  be  drawn 
vbconxT  it  is  possible,  for  a  diagram  helps  the  student  to  clearly 
ttderstand  the  problem,  and  a  problem  thoroughly  understood 
ilhalf  salved.  Before  commencing  the  numerical  work,  it  is  also 
•cH  to  make  a  mental  estimate  of  the  final  result. 

Id  this  volume  Greek  lettcn;  are  iiw<l  only  for  signs  of  operation 
■ad  lor  anfi^cs.  The  letter  Ji  is  employed  as  the  symlwl  of  dilTcrenti- 
fliao  uid  it  should  be  atllwi  "differential."  Following  arc  names 
dmne  Greek  letters: 


B  Alpha 

If  Eu 

¥  Nu 

«Phi 

^Bet^i 

$  Thcta 

w  Pi 

•p  Psi 

y  Garaina 

N  Kappa 

p  Rho 

t  Zela 

i  Delia 

A  J„-imbda 

a  Si^a 

w  Omega 

*  i'^psikxn 

f(Mu 

T  Tau 
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In  every  rational  algebraic  equation  it  is  necessary  that  all  the 
terms  should  be  of  the  same  dimension,  for  it  is  impossible  to  add 
together  quantities  of  different  kinds.  This  principle  will  be  of  great 
assistance  to  the  student  in  checking  the  correctness  of  algebraic  work. 
For  example,  let  a  and  b  represent  areas  and  /  a  length;  then  such 
an  equation  as  al—P=b  is  impossible,  because  a/  is  a  volume,  while 
P  and  b  are  areas.  Again,  let  V  represent  velocity,  Q  cubic  feet  per 
second,  and  a  area ;  then  the  equation  Q=  aV  is  correct  dimensionally, 
for  the  dimension  of  T  is  length  per  second  and  hence  o  K  is  of  the 
same  dimension  as  Q.  The  equation  Q/a=  K*  is,  however,  impossible, 
for  Q/a  is  of  the  same  dimension  as  the  first  power  of  V,  and  this  can- 
not also  be  equal  to  its  second  power. 

Prob.  8.  When  the  height  of  the  water  barometer  is  33.5  feet,  what 
is  the  height  of  the  mercury  barometer,  and  what  is  the  atmospheric 
pressure  in  pounds  per  square  inch? 

Art.  9.    Data  in  the  Metric  System 

When  the  metric  system  is  used  for  hydraulic  computations, 
the  meter  is  taken  as  the  unit  of  length,  the  cubic  meter  as  the 
unit  of  volume,  and  the  kilogram  as  the  unit  of  force  and  weight. 
Lengths  are  sometimes  expressed  in  centimeters  and  volumes  in 
liters,  but  these  should  be  reduced  to  meters  and  cubic  meters 
for  use  in  the  formulas.  The  unit  of  time  is  the  second,  the  unit 
of  velocity  is  one  meter  per  second,  and  accelerations  are  measured 
in  meters  per  second  per  second.  Pressures  are  usually  expressed 
in  kilograms  per  square  centimeter  and  densities  in  kilograms  per 
cubic  meter.  The  metric  horse-power  is  75  kilogram-meters 
of  work  per  second,  and  this  is  about  i\  per  cent  less  than  the 
English  horse-power.  Tables  at  the  end  of  this  book  give  the 
equivalents  in  each  system  of  the  units  of  the  other  system,  but 
the  student  will  rarely  need  to  use  such  tables.  He  should,  on 
the  other  hand,  exclusively  employ  the  metric  system  when  using 
it,  and  learn  to  think  readily  in  it.  The  following  matter  is  sup- 
plementary to  the  corresponding  articles  of  the  preceding  pages. 

{Art.  2)   At   about    0°    centigrade    ice    is    generally    formed, 
When  water  is  kept  jierfectly  quiet,  however,  it  is  found  that  its  tem- 
perature can  be  reduced  to  —  7°  or  —  9°  before  freezing  begins,  but  a 
this  instant  the  temperature  of  the  water  rises  to  0°  centigrade. 
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fAn.  3)   Id  the  metric  system  the  following  approximate  values 
an  utd  tor  the  weight  of  water: 

I  liter  of  water  weighs      i  Lilogram 
1  cubic  meter  weighs  looo  kilograms 

It  my  be  noted  that  the  constants  for  tlie  weight  of  water  differ 
in  the  two  systems.  'I'hus,  the  equivalL-nt  of  62.5  pounds 
ptroibic  foot  Lt  about  1001  kilograms  pet  cubic  meter.  The  weight 
psahof  volume  of  pure  distilled  water  is  greoitest  at  the  temperature 
(^■uimum  density.  4".!  centigrade,  and  least  at  the  boiling  point. 
Tibie  9a  gives  weights  of  distilled  water  at  different  temiicraturcs 
akikigtsms  per  cubic  meter,  as  determined  by  Ros.setti.*   River 

Table  9a.    WEicirr  op  Distilled  Waxes 
Metric  Me«suro 


IWWMMi 

EJocnoi  per 

rmiptutaR 

KiWriRIi  pTT 

TcmixiitiiK 

KQogwni  pcf 

(Mip^ 

Cubic  MOn 

Ccatitrvir 

l-ubjc  Mciet 

('fntlKmdc 

Cubic  McCei 

-J* 

WQ>SQ 

16" 

999W 

SJ' 

98S.8J 

0 

V»*7 

iS 

<K»t>i 

60 

98i.j8 

♦  J 

WOW 

>o 

998.16 

6s 

OS0.74 

4 

tooaoo 

31 

997.«J 

70 

977-94 

s 

W9W 

»s 

M7.IJ 

7S 

97*^ 

6 

99*97 

Jf 

095.76 

80 

971-94 

8 

999^ 

iS 

994-'3 

8S 

968-79 

ro 

999-7S 

40 

99»JS 

V 

96s  .S6 

11 

900-S5 

4S 

990J7 

95 

q6».19 

.     M 

9W»-30 

JO 

9Bli.K> 

100 

WS.65 

'Went  are  UMwIly  between  ooS  and  looi  kitogrjims  |>cr  cubic  meter, 
<iepnidiog  upon  tbc  amount  of  impurities  and  the  tcmperatun;,  while 
thi  water  of  some  mineral  springs  has  been  found  as  high  as  1004. 
Il  tjificars  then  that  1000  kilograms  per  cubic  meter  is  a  fair  average 
nJiie  to  use  in  hylrautic  work  for  the  weight  of  fre-th  water.  Braclt- 
ti  and  salt  waters  arc  heavier.  For  the  Gulf  of  Mexico  the  weight 
ftr  cubic  meter  isalraut  tQ2;,fi)r  the  ocCitn5,  about  1017,  while  for  the 
Dnd  Sea  there  is  stated  the  value  of  1 169  kilograms  per  cubic  meter. 
For  Great  Salt  Lake  the  weight  of  water  varies  from  1105  to  1237 
Udgrums  per  cubic  meter.  "Che  weight  of  ice  pci  cubic  meter  varies 
from  916  to  Qii  kilograms. 

*  Aanaie*  dc  diunkc  tt  dc  physique,  iS^,  vol.  17,  p.  370. 
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(Art.  4),  Near  the  sea  level  the  average  reading  of  the  mer- 
cury barometer  Is  76  centimeters,  and  since  mercury  weighs  13.6 
grams  per  cubic  centimeter,  the  average  atmospheric  pressure  is  taken 
to  be  j6  it  0.0136  =  1.0333  kilograms  per  square  centimeter.  Om 
atmosphere  of  pressure  is  therefore  slightly  greater  than  a  pressure 
of  one  kilogram  per  square  centimeter.  Conversely,  a  pressure  of 
one  kilogram  per  square  centimeter  may  be  txpressed  as  a  pressure 
of  0.968  atmosphere.  In  a  perfect  vacuum  water  will  rise  to  a  height 
of  about  loi  meters  under  a  mean  pressure  of  one  atmosphere,  for  the 
average  specific  gravity  of  mercury  is  13.6,  and  13.6  X  0.76=  10.33 
meters.  Table  96  shows  atmospheric  pressures,  altitudes,  and  b(d- 
ing-points  of  water  corresponding  to  heights  of  the  mercury  and  wata 
barometers. 

Table  9b.    Atmosphesic  Pressbss 

Metric  Measures 


Mercury 

fivometci 
MiUimeten 

PrOBUR 

Kilognini 
per  Scnun 
CcDtiaKtcr 

AtmcepbcRS 

Witn 

Buumclci 
Uetin 

ElevstioD) 
Hetoi 

BoEUnc-piAit 

ol  Water 

Coillcnde 

790 

760 
730 
700 
670 
640 
610 

s8o 

.  SS" 

1.074 

I-033 
o.99i 

■9S« 
.911 
.870 
.829 

.788 
.748 
■T07 

1.04 
1. 00 
0.96 

■9' 
.88 

.84 
.80 
.76 
.71 
.68 

10.74 
10.33 

9.91 

9-5^ 
9.11 

8,70 
8.19 

7.88 
7.48 
7.07 

-3JS 

0 
+  340 

690 

"04S 
1430 
iSio 
1340 
26&0 
3140 

lOl".! 

100  .0 

98-9 

97-8 
96.6 
95-4 
94-1 
91  .8 

91  -S 

90.1 

(Art.  5)     If  the  weight  of  a  cubic  meter  of  water  is  1000  kilo- 
grams at  the  surface  of  a  pond,  the  weight  of  a  cubic  meter  at  a , 
depth  of  loi  meters  will  be 

1000(1  +  0.00005)=  1000.05  kilograms, 
and  at  a  depth  of  losJ^  meters  a  cubic  meter  will  weigh 

1000(1  +  0.0005)  —  1000.5  kilograms. 
Hence  the  variation  due  to  compression  is  too  small  to  be  generaUy 
taken  into  account.    The  modulus  of  elasticity  of  volume  for  water  is 


D.OOOO5 


20  700  kilograms  per  square  centimeter, 
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wfaOe  that  of  steel  is  about  2  100  000.     Using  g  =  9.8  meters  per 
Moood  per  secoDd,  the  mean  velocity  of  sound  in  water  is 

t  =  VEg/w  =  1420  meters  per  second. 

(Art.  6)    The  formula  of  Peirce  for  the  acceleration  of  gravity 
en  the  earth's  surface  is 

g  =  9.78085 (i  +  0.0051375  sin»0(i  -  aoooooosue)  (9)i 
in  which  j  is  the  acceleration  in  meters  per  second  per  second  at  & 
phce  whose  latitude  is  I  degrees  and  whose  elevation  is  e  meters 
ibove  the  sea  level.  The  greatest  value  of  ^  is  at  the  sea  level  at 
tk  pole;  here  l  =  go°  and  e  =  o,  whence  g  =  9.8322.  The  least 
nlue  of  ;  in  hydraulic  practice  is  found  on  high  lands  at  the 
equator ;  here  l  =  o°  and  e  =  4000  meters,  whence  g  =  9.7683.  The 
mean  of  these  is  9.800,  which  closely  agrees  with  that  found  in 
Art.  6,  since  32.16  feet  equals  9.802  meters;  accordingly 

g  "  9.800  meters  per  second  per  second 

i)  the  value  of  the  acceleration  that  will  be  used  in  the  metric  work 
of  this  book.     From  this  are  found 

V7g  =  4.437  i/2g  =  o.osioa  (9)i 

Tible  9c  gives  multiples  of  these  values  which  will  often  be  of  use 
ia  numerical  computations. 

Table  9c.    Acceleration  Due  to  Gravity 

Metric  Measures 


No, 

Mulllplei 

Mulliplq 

Mu[iipla 

MuLliplea 

No, 

of  g 

of  ig 

dE l/lg 

of  Vjfl 

9.800 

19.60 

0.05101 

4-4*7 

T 

19.60 

JQ.JO 

O.I  030 

8.854 

3 

J9.4O 

58.80 

O.I53I 

13.281 

3 

39.  JO 

78.40 

0,2041 

17.71 

4 

49.00 

98.00 

0.3551 

31.14 

5 

6 

58.80 

117.60 

0.3061 

16,56 

6 

7 

6S,6o 

137.1 

0.3571 

30W 

7 

S 

78.40 

156.8 

0,4081 

35-42 

8 

9 

S8.ao 

176.4 

o.45<J» 

39-84 

9 

10 

9E.00 

ig6.o 

0.5101 

44-27 

10 

(Art.  8)     The  remarks  as  to  precision  of  numerical  computation 
also  af^lyhere.     Thus,  if  it  be  required  to  hnd  the  weight  of  water 
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in  a  pipe  38  centimeters  in  diameter  and  6  meters  long,  Table  F  gives 
0.1134  square  meter  for  the  sectional  area,  the  volume  is  then  0.6804 
cubic  meter,  and  the  weight  is  680  kilograms,  the  fourth  figure 
being  oniitted  because  nothing  is  known  about  the  temperatun, 
or  purity  of  the  water.  In  general,  hydraulic  computations  m 
much  easier  in  the  metric  than  in  the   English  system. 

Prob.  9a.  Compute  the  acceleration  of  gravity  at  Quito,  Ecuador, 
which  is  ia  latitude  —  o  13'  and  at  an  elevation  of  2850  meters  above 
sea  level. 

Prob.  9b.  What  is  the  pressure  in  kitogranis  per  square  centimeter 
at  the  base  of  a  column  of  water  95.4  meters  high  ? 

Prob.  9c.  Compute  the  velocity  of  sound  in  fresh  distilled  water  at  the 
temperature  of  ia°  centigrade,  and  also  its  mean  velocity  in  salt  water. 

Prob.  9d.  How  many  cubic  meters  of  water  are  contained  in  a  pipe 
41J  meters  long  and  15  centimeters  in  diameter?  How  many  kilograms? 
How  many  metric  tons? 

Prob.  9e.  What  is  the  boiling-point  of  water  when  the  mercury  ba- 
rometer reads  735  millimeters  ?  How  high  will  water  rise  in  a  vacuum  tube 
at  a  place  where  the  boiling-point  of  water  is  gi"  centigrade  ? 
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CHAF[ER  2 
HYDROSTATICS 


Art.  10.    Transmission  of  Pressuke 

One  of  lh«  most  remarkable  properties  of  a  fluid  is  its  capacity 
(<  transmitting  a  pressure,  applied  at  one  point  uf  the  surface  of 
adoscd  vessel,  unchanged  in  intensity,  in  all  directions,  so  that 
Ik  cflect  of  the  aj^lied  pressure  is  to  cause  an  equal  fori,:e  per 
^ute  inch  upon  al!  parts  of  the  enclosing  surface.  Pascal,  in 
1A46.  vns  thv  first  to  note  that  great  forces  could  be  produced 
k  tins  manner ;  be  saw  that  the 
Mai  pressure  increased  propor- 
liwHy  with  the  area  of  the  sur- 
Iice.    Taking  a  closed  barrel  Jitlcd  Uo 

«uh  water,  he  inserted  a  small 
iBlical  lube  of  coniu'derable  length 
^tly  into  it,  and  on  filling  the 
b^  the  barrel  hurst  under  the 
Cnat  pressure  thus  produced  on  its  sides,  although  the  weight 
oflbc  water  in  the  tube  was  quite  small.  The  first  diagram  ia 
F^HKi  represents  Pascal's  lurrcl,  and  it  is  seen  that  the  unit- 
IBtnure  in  the  water  at  B  is  due  to  the  head  AB  and  independent 
of  lie  size  of  tlie  tube  AC. 

I^ascal  clearly  s.iw  that  this  property  of  water  could  be  em- 
ployed  in  a  useful  manner  in  mechanics,  but  it  was  not  until  1796 
tbl  Bramah  built  the  first  successful  hydraulic  press.  Tlib 
BBcfaine  has  two  piston<i  of  ditTcrent  sixes,  and  a  force  applied  to 
Ibe  small  piston  is  transmitted  through  the  0uid  and  produces 
to  ctpial  unit-pressure  at  ex'ery  point  on  the  large  piston.  The 
applied  force  is  here  multiplied  to  any  required  extent,  but  the 
wwt  performed  by  the  large  piston  cannot  escccd  that  imparted 
to  the  fluid  by  the  small  one.    L«t  a  and  A  be  the  areas  of  the 


Fig.  lOa. 


34 


Chap.  2.     Hydrostatics 


S^i^..:j 


R 


Fig.  lOL 


small  and  large  pistons,  and  p  the  pressure  in  pounds  per  square 
unit  applied  to  a ;  then  the  unit-pressure  in  the  fluid  is  p,  and  the 

total  pressure  on  the  small  pis> 
ton  is  pa,  while  that  on  the  large 
piston  is  ^^.  Let  the  distances 
through  which  the  pistons  move 
during  one  stroke  be  d  and  D. 
Then  the  imparted  work,  is  pad, 
and  the  performed  work,  neglect- 
ing frictional  resistances,  is  pAD. 
Consequently  ad  =-^  AD,  and 
since  u  is  small  as  compared  with  A,  the  distance  D  must  be 
sniiill  compared  with  d.  Here  is  found  an  illustration  of  the 
{Kipular  maxim  "  What  is  lost  in  velocity  is  gained  in  force." 

Nunii-nius  applications  of  this  principle  are  made  in  hydraulic 
pn-ssus  for  compressing  materials  and  forging  steel,  as  also  in  jacks, 
nccunnilators,  and  hydraulic  cranes;  some  of  these  are  briefly  de- 
writH'd  in  Art.  202.  The  famous  Keely  motor  is  said  to  have  em- 
[iliiyt'd  (his  principle  to  produce  some  of  its  effects;  very  snudl  pipes, 
suppusi'd  by  the  spectators  to  be  wires  con\'eying  some  mysterious 
fiirci;,  liciim  uswl  to  transmit  the  pressure  of  water  to  a  receiver  where 
ihr  lotiil  pressure  liecamc  very  great  in  consequence  of  greater  area. 

In  rtmscquence  of  its  fluidity  the  pressure  existing  at  any 
|K)int  in  a  body  of  water  is  exerted  in  all  directions  with  equal 
iiitonsily.  When  water  is  confined  by  a  bounding  surface,  as 
in  a  vortscl,  its  pressure  against  that  surface  must  be  normal  at 
(•very  imint,  for  if  it  were  inclined,  the  water  would  move  along 
tlic  surface,  Wlicn  water  has  a  free  surface,  the  unit-pressure  at 
any  di'i)th  di-pi-nds  only  on  that  depth  and  not  on  the  shape  of 
llu'  \'t'ssi'l,  Tluis  in  the  second  diagram  of  Fig,  10a  the  unit- 
prcssure  at  ('  pnKluiud  by  the  smaller  column  of  water  aC  is  the 
same  as  thai  caused  by  the  larger  column  AC,  and  the  total  ver- 
liial  pressurti  on  the  upper  side  of  the  base  B  is  the  product  of 
its  urea  into  the  unit-pressure  caused  by  the  depth  AB. 

I'rob.  10.  Wliiil  is  thf  upward  pressure  on  the  lower  side  of  the  base  B 
ill  l-'ig.  lOit  ?  Kxpltiii  why  ihU  is  less  than  the  downwaid  pressure  on  the 
upi)cr  aide  of  thv  base  B. 


Bead  and  Preitsure.     Art.  11 
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Abt.  U.    Head  and  Pressdeb 

The  free  surface  of  water  at  rest  £s  perpendicular  to  the  direc- 
d  the  force  of  gravity,  and  for  bodies  of  water  of  small  extent 
Hk  surface  may  be  reg;irded  as  a  plane.  Any  dc-ptb  below  this 
jriiaeb  called  a  "head,"  or  the  head  upon  any  point  is  its  vertical 
dqilh  below  the  lev-el  surface.  In  Art.  10  it  was  seen  that  the 
(ant-pressure  at  any  depth  depends  only  on  the  head  and  not  on 
tfar^pe  of  the  vessel,  Let  A  he  tlie  head  and  -w  the  weight  of 
I  cubic  unit  of  water;  then  at  the  dqith  h  one  horizontal  square 
tmil  bears  a  jiressure  equal  to  the  weight  of  a  column  of  water 
whose  height  is  h,  and  whose  cross-section  is  one  square  unit, 
avk.  But  tJie  pressure  at  this  point  is  exerted  iii  all  directions 
■ilh  equal  intensity.    The  unit-pressure  ^  at  the  depth  h  then  b 

Eri^  lod  the  depth,  or  head,  for  a  unit-pressure  p  is  p/w,  or 
r  p  =  wh  fi  =  p/w  (11), 

If  t  be  expressed  in  feet  and  p  in  pounds  per  square  footj  these 
Eiiniutias  become,  using  the  mean  value  of  w, 
I  p  =  62.$h  h  =  o.oi6p  ■ 

llm  pressure  and  head  are  mutually  convertible,  and  in  fact 

one  is  often  used  as  sjTionymous  with  the  other,  although  leally 

adi  is  proportional  to  the  other.     Any  unit-pressure  p  can  be 

nprdod  as  produced  by  a  head  A,  which  is  frequently  called 

lit  "pressure  head." 

In  engineering  work  p  is  usually  taken  in  pounds  per  square 

jJKh,  while  A  is  expressed  in  feeL     Thus  the  pressure  in  pounds 

Hrsquare  foot  is  63.5A,  and  the  pressure  in  pounds  per  square 

wA  b  tI  I  of  tbit,  or 

H  f  =  04340A  A  =  2.i04p  (1  l)a 

ucse  rules  may  be  stated  in  words  as  follows: 

H      t  foot  hrad  com^ponds  to  0.414  |M)unds  [>er  square  inch; 
H      I  jMiinil  per  square  inch  corresponds  to  1.304  feet  head. 

Bcse  values,  be  it  remembered,  depend  upon  the  assumption 
thil  63.5  pouncU  is  the  weight  of  a  cubic  foot  of  water,  and  hence 
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are  liable  lo  variation  in  the  tlurd  significant  figure  (Art.  4). 
extent  of  these  variations  for  fresh  water  may  be  seen  in  Table 
which  gives  multiples  of  the  above  values,  and  also  the  cor 
sponding  quantities  when  the  cubic  foot  is  taken  as  62.3  poun<: 

Taslb  U.    Heads  and  Prkssdrrs 


Prpuiin  in  Pouodi  per 

Prwasutt 

Hud 

D  Fttt 

Hcv) 

Squuc  ln<h 

in  PouQ<b 

iiFnt 

0" 

^UHK 

■r  — 6?J 

»  — *a.s 

Inch 

10  —  61-1 

1 

1 

o.Aii 

0.433 

^ 

I 

1.304 

I^IT 

3 

0.868 

0.863 

3 

4.608 

4.613 

3 

I.JOI 

i.igS 

3 

A.9I1 

*-9H 

4 

i.7,i6 

i-73> 

4 

9.116 

mfi 

5 

a.  1 70 

3.163 

5 

■1.310 

1I.SS7 

0 

1,604 

3.$gt) 

6 

13.814 

13.K18 

7 

3038 

3.018 

7 

16.118 

i6.tSo 

& 

3-47» 

-       3-4'» 

S 

"8-431 

ta.491 

9 

3.906 

3.894 

9 

J0.7JO 

10803 

10 

4.340 

4.336 

10 

13-040 

13.114 

Tht  atmospheric  pressure,  which  is  about  14.7  pounds  pj 
square  inch,  is  transmitted  through  water,  and  is  to  be  added  i 
the  pressure  due  to  the  head  whenever  it  is  necessary  to  rega 
the  absolute  pressure.  This  is  important  in  some  invcsttgatia 
on  the  pumping  of  water,  and  in  a  few  other  cases  where  a  parti 
or  complete  vacuum  is  prtKiuccd  on  one  side  of  a  body  of  wat 
For  example,  if  the  air  is  exhausted  from  a  small  globe,  so  th 
its  tension  is  only  6.5  pounds  per  square  inch,  and  it  is  submcrgi 
in  water  to  a  depth  of  250  feel,  then  the  absolute  pressure  on  t 
surface  of  the  globe  is 

p  =  0.434  X  250  + 14.7  =  123.2  pounds  per  square  inch, 

and  the  resultant  effective  pressure  on  that  surface  is 

p'  =  123.3  —  6.5  =  116.7  pounds  per  square  inch. 

Unless  otherwise  stated,  however,  the  atmospheric  pressure  ne 
not  be  regarded,  since  under  ordinary  <undilioris  it  acts  WJ 
equal  uitensity  upon  both  sides  of  a  submerged  surface. 


Loss  of  Wtight  in  Water.     Art.  IS 
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ftob.  II.  flow  Runy  pounds  per  square  inch  axre&pond  to  a  bead  of 
I  (eel  ?    How  nuny  feet  bead  corct^pond  to  a  prts-iurc  of  loo  pounds  per 
;iiKli? 

Art.  12.    Loss  of  Weight  in  Water 

It  is  a  familiar  fact  that  bodies  submerged  in  water  lose  part 
If  Ibcu'  vrdght ;  a  nian  can  curry  under  water  a  large  stone  which 
DDold  be  difficult  to  lift  in  air,  and  timber  when  submerged  has 
taegfttivc  weight  or  tends  to  rise  la  the  surface.  The  following 
iitiie  law  of  loss  which  w;is  discovered  by  Archimedes,  about 
1JDB.C.,  when  considering  Ihc  problem  of  King  Micro's  crown : 

Tbc  weight  of  a.  body  submerged  in  water  is  less  than  its 
vrilthi  iu  air  by  the  weight  of  a  volume  of  water  which  is  equal 
to  the  \-o1ume  of  the  body. 

To  demonstrate  thb,  conwder  that  the  submerged  body  is 
Ktcd  upon  by  the  water  pre«ure  in  all  directions,  and  that  the 
briionlal  components  of  these  pressures  must  balance.    Any 
imical  elementary  prism  is  subjected  to  an  upward  pressure  upon 
its  base  which  is  greater  than  the  downward  pressure  upon  its 
tep.  ancc  these  pressures  are  due  to  the 
huik    Let  hi  be  the  head  on  the  top  of 
Ihr  elementary  prism  and  At  that  on  its 
W,  and  a  the  cross-section  of  the  prism; 
Ibtn  the  downward  pressure  i.>>  wahi  and 
Ibe  u{mard  pressure  is  wah-    The  difler- 
nce  of   these,  Vfa(ht—lii)  is  the  resultant 
ipmrd  water  pressure,  and  this  is  equal  to  the  weight  of  a 
(obmn  of  water  whose  cross-section  is  a  and  whose  height  is 
Ikat  of  the  dementar>-  prbm.     Extending  this  theorem  to  all 
the  clcnu-ntary  prisms,  it  i.s  conrluded  that  the  weight  of  the 
body  in  water  is  less  than  its  weight  in  air  by  the  weight  of  an 
«ual  volume  of  water. 

^■[t  is  important  to  rcgan)  this  loss  of  weight  in  constructions 

"SRer  water.     If,  for  eomple,  a  dam  of  loose  stones  allows  the 

water  to  percolate  through  it.  its  weight  per  cubic  foot  is  less  than 

iUwdghl  in  air.  so  that  it  can  be  more  easily  moved  by  horizontal 

(nces.    As  stone  weighs  about  150  pounds  per  cubic  foot  in  air, 
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weight  in  water  is  only  about  150  —  62=88  pounds  per  cubic 
)t.     If  a  cubic  foot  of  sand,  having  voids  amounting  to  40  per 
|ent  of  its  volume,  weighs  1 10  pounds,  its  loss  of  weight  in  water 
0.60  X  62.5  =  37.5  pounds,   so   that  its  weight  in  water  is 
|io-37-S  =  7^-5  pounds. 

The  ratio  of  the  weight  of  a  substance  to  that  of  an  equal 
lolume  of  water  is  called  the  specific  gravity  of  the  substance, 
Ind  this  is  easily  computed  from  the  law  of  Archimedes  after 
pighing  a  piece  of  it  in  air  and  then  in  water;  or,  if  w  be  the 
teighl  of  a  cubic  unit  of  water  and  w'  the  weight  of  a  cubic  unit 
If  any  substance,  the  ratio  w'/w  is  the  specific  gravity  of  the 
kib  stance. 

Prob.  13.  A  box  conlaimng  1.17  cubic  feet  weighs  ig.j   pounds  when 

fipty  and  133,;  when  filled  with  sand.     It  is  then  found  that  29.7  pounds 

|f  water  can  be  poured  in  before  overflow  occurs.     Find  the  percentage 

voids  in  the  sand,  the  specific  gravity  of  the  sand  mass,  and  the  specific 

taviiy  of  a  grain  of  sand. 


Art.  13.    Depth  of  Flotation 


Stability  of  Flotation.     Art.  14 
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Eqating  the  values  of  W  and  W,  and  substituting  for  sind  cos0 
ib  cquivaient  \  sin  30,  there  results 

2  arctf  —  sin  2#  =  2  irj 

mwliicfa  *  represents  the  ratio  w' /w  or  the  specific  gravity  of  the 
mUoai  of  the  cylinder.  From  this  equation  d  is  to  be  found  by 
tml  for  any  particular  case,  and  then  z  is  computed.  For  example, 
H»'=  26.5  pounds  per  cubic  foot, 
tin  I  is  a434,  and 

1  ircC  —  sin  aS  —  2.664  =  ° 

To  solve  this  equation,  values  ar^ 
to  be  assumed  for  9,  until  one  is 
iotud  that  satisfies  it;  thus  from 
TibJe  G,  Fig.  la. 

for  C  =  83°         a.897  —  0.242  —  2.664  =  —  0.009 
for  9  =  S^i         2.906  —  0,234  —  2.664  =  +  0.008 

TTierrfore  0  lies  between  83°  and  83°  15',  and  is  probably  about 
8/8'.  Hence  the  depth  of  flotation  is  s  =  {i  —  o.i2o)r  =  o.88r, 
or  if  the  diameter  is  one  foot,  the  depth  of  flotation  b  0.44  feet. 

In  a  similar  way  it  may  be  shown  that  the  depth  of  flotation  of 
» sphere  of  radius  r  and  specific  gravity  i  is  given  by  the  cubic  equa- 
lion  s"  —  3  rs*  -(-  4  Hs  =  o.  When  r  =  4  feet  and  s  =  0.65,  it  may  be 
foond  by  trial  that  s  =  1.21  feet, 

Prob.  13.   A  wooden  stick  li  inches  square  and  12  feet  long  is  to  be 

>wd  for  a  velocity  float  which  is  to  stand  vertically  in  the  water.     How  many 

i<jaK  inches  of  sheet  lead  '^2  inch  thick  must  be  tacked  on  the  sides  of  this 

Slick  so  that  only  4  inches  will  project  above  the  water  surface  ?    The  wood 

.    ni^  31.15  and  the  lead  710  pounds  per  cubic  foot. 

Art.  14.    Stability  of  Flotation 

The  equilibrium  of  a  floating  body  is  stable  when  it  returns 
to  its  primitive  position  after  having  been  slightly  moved  there- 
from by  extraneous  forces ;  it  is  indifferent  when  it  floats  in  any 
position,  and  it  is  unstable  when  the  slightest  force  causes  it  to 
leave  its  position  of  flotation.  For  instance,  a  short  cylinder 
with  its  axis  vertical  floats  in  stable  equilibrium,  but  a  long 
cylinder  in  this  position  is  unstable,  and  a  slight  force  causes  it 
to  fall  over  and  float  with  its  axis  horizontal  in  indifferent  equilib- 
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rium.  It  is  evident  that  the  equilibrium  is  the  more  stable  the 
lower  the  center  of  gravity  of  the  body. 

The  stability  depends  in  any  case  up>on  the  relative  position  of  the 
center  of  gravity  of  the  body  and  its  center  of  buoyancy,  the  laf:ter 
being  the  center  of  gravity  of  the  displaced  water.  Thus  in  Fig,  14 
let  G  be  the  center  of  gravity  of  the  body  and  let  C  be  its  center  of 
buoyancy  when  in  an  upright  position.  Now  if  an  extraneous  ioKt 
^  causes  the  body  to  tip  into  the  posi- 

/  ^^^  tion   shown,   the    center    of    gravity 

^^iV._  ^/  0'|  I  iiA^^  remains  at  C,  but  the  center  of  buoy- 
=^^=^/  c/Iid/->^=^=  ancy  moves  to  D.  In  this  new  posi- 
E^E^^^^J^r^^iH  r--^^^^^=-  tion  of  the  body  it  is  acted  upon  by 
-  .  -:r^z=      ^ly*"^ —  ^      ^^^  forces  W  and  W,  which  are  equal 

and  parallel  but  opposite  in  direction. 
^*'  ^^"  These    forces    form    a  couple  which 

tends  either  to  restore  the  body  to  the  upright  position  or  to  cause  it 
to  deviate  farther  from  that  position.  Let  the  vertical  through  D 
be  produced  to  meet  the  center  line  CG  in  M.  If  i/  is  above  C, 
the  equilibrium  is  stable,  as  the  forces  W  and  W  tend  to  restore  it 
to  its  primitive  position ;  if  M  coincides  with  G,  the  equilibrium  is 
indifferent ;  and  if  M  be  below  G,  the  equilibrium  is  unstable. 

The  point  M  is  called  the  "  metacenter,"  and  the  theorem  may  be 
stated  that  the  equilibrium  is  stable,  indifferent,  or  unstable  according 
as  the  metacenter  is  above,  coincident  with,  or  below  the  center  of  grav- 
ity of  the  body.  The  measure  of  the  stability  of  a  stable  floating 
body  is  the  moment  of  the  couple  formed  by  the  forces  W  and  W*.  But 
GM  is  proportional  to  the  lever  arm  of  the  couple,  and  hence  the  quan- 
tity W  X  GM  may  be  taken  as  a  measure  of  stability.  The  stability, 
therefore,  increases  with  the  weight  of  the  body,  and  with  the  distance 
of  the  metacenter  above  the  center  of  gravity.     (See  Art.  189.) 

The  most  important  application  of  these  principles  is  in  the  design 
of  ships,  and  usually  the  problems  are  of  a  complex  character  which  can 
only  be  solved  by  tentative  methods.  The  rolling  of  the  ship  due  to 
lateral  wave  action  must  also  receive  attention,  and  for  this  reason 
the  center  of  gravity  should  not  be  put  too  low. 

Prob.  14.  A  square  prism  of  uniform  specific  gravity  i  has  the  length 
k  and  the  cross-section  A*.  When  this  prism  is  placed  in  water  with  its  aria 
vertical,  it  may  be  shown  that  it  b  in  stable,  indifferent,  or  unstable  equilib- 
rium according  as  fi*  is  greater,  equal  to,  or  less  than  6  A'l  (i  —  s). 


Konnal  Prosaure.     Art.  16 
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Art.  15.    Normal  Pressure 

The  total  normal  pressure  on  any  immersed  surface  may  be 
found  by  the  following  theorem : 

The  total  normal  pn-ssun:  is  equal  to  the  product  of  the 
weif;hi  of  a  cubic  unit  of  water,  the  area  of  tlu-  surfucc,  aad 
the  head  on  its  center  of  gravity. 

To  prove  this  let  A  be  ihc  area  of  the  surface,  and  imagine  it 
to  be  composed  of  elementary  areas,  ai,  (ij,  at,  etc.,  each  of  which 
is  so  small  that  the  unit-pres- 
sure over  it  may  be  taken  as 
uniform;  let  A|.  Aj.  Aj,  etc., 
be  the  heads  on  these  elemen- 
tary anras,  and  let  w  denote 
the  weight  of  a  cubic  unit  of 
water.    The  unit-pressures  at 
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the  depths  A,,  A,,  Aj,  etc.,  are  wA,,  «'/%,  wAj,  etc.  (Art.ll).  and 
hence  the  normal  pressures  on  the  elementary  areas.  <ii,  a,,  Oj,  etc., 
lie  tMiA|,  ieojk-,  UHijAi,  etc.  'Hie  total  normal  pressure  P  on  the 
mtire  surface  then  is 

P  =•  w{aih,  +  <hht  +  fljA,  +  etc.) 

Now  let  h  be  the  head  on  the  center  of  gravity  of  the  surface; 
then,  from  the  definition  of  the  center  of  gravity, 

ojAi  +  ajAn  -(-  tfjAs  +  etc.  =  Ah 

Therefore  the  normal  pressure  is 

P^wAh  (15) 

which  proves  the  theorem  as  stated. 

This  rule  applies  to  :ill  surfaces,  whether  plane,  curved,  or 
warped,  and  however  they  he  situated  with  reference  to  the  water 
surface.  Thus  the  total  norma!  pres,surc  upon  the  surface  of  an 
immersed  cylinder  remains  the  same  wh;tlever  be  its  jMisition, 
providc<l  the  depth  of  the  center  of  gravity  of  that  surface  be 
kept  constant.  It  is  bt-sl  to  take  h  in  feet.  A  in  stjuare  feet,  and 
v>  as  62.5  pounds  per  cubic  foot ;  then  P  will  be  in  pounds.    In 
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IV^flsure  in  a  Given  Direction.     Art.  16  33 

Tlie  horizontal  pressure  on  any  plane  surface  is  equal  to  the 
Domal  pressure  on  its  vertical  projection ;  the  vertical  pressure 
isqnal  to  the  normal  pressure  on  its  horizontal  projection ;  aod 
the  pressure  in  any  direction  is  equal  to  the  normal  pressure  on 
a  projection  perpendicular  to  that  direction. 

To  prove  this  let  A  be  the  area  of  the  given  surface,  represented 
by^.4inFig.  16fl,  and/*  the  normal  pressure  upon  \i,0T  P=wAk. 
Now  let  it  be  required  to  find  the  pres- 
sure/^ in  a  direction  making  an  angle  0 
m'th  the  normal  to  the  given  plane. 
Draw  A  A'  perpendicular  to  the  direc- 
tioii  of  P",  and  let  A'  be  the  area  of 
the  projection  of  A  upon  it.  The 
value  of  P'  then  is 


Fig.  16a. 


P'  =  P  cos8  =  wAh  cosfl 


But  Acos0  is  the  value  of  A'  by  the  construction.     Hence 

P'=wA'h  (16) 

and  the  theorem  is  thus  demonstrated. 

This  theorem  does  not  in  general  apply  to  curved  surfaces. 
But  in  cases  where  the  head  of  water  is  so  great  that  the  pressure 
may  be  regarded  as  uniform  it  is  also  true  for  curved  sur- 
faces.    For    instance,    consider    a 
cylinder    or    sphere    subjected    on 
every  elementary  area  to  the  unit- 
pressure  p  due  to  the  high  head  h, 
and  let  it  be  required  to  find  the 
pressure  in  the  direction  shown  by 
qi,    gi,  and    qt    in   Fig.  166.      The 
pressures  Pi,  Pi,  p*,  etc.,  on  the  ele- 
mentary areas  ai,  Uj,  aj,  etc.,  have 
Fig.  16*.  the  values 

Pi  =  Pai,         Pi  =  poi,         pa  =  Pa3,  etc., 

and  the  components  of  these  in  the  given  direction  are 

Si  ™  poi  cos6,,  qi  =  pa^  cos^i,  qz  =  pa^  cosflj,  etc., 


■■  a*.'    2.      Hv'iri.isiatics 

-  ^^  -  "^  >,  -je  given  direction  is 
>.-  -  :•  .--■St'?  -r-  its  cosfla  +  etc.) 

v    ■^.■^■sitaesU  is  the  projectioa  of  the 
...■.■.  xf^vnJi^rukr  to  the  given  direction, 

■■   -  >  \area.l/-V 

,    ,    ^        .    ;>   iT  L'hne  surfaces. 

^  ».;.i>    'itH.'  lot  ^  be  the  interior  pressure  per 

-     -.^.x  !i.w  Mid  J  its  diameter  in  inches.    Then 

I      V  :  Jk'  torcc  tending  to  rupture  the  pipe 

,   ■(.,      'V  '.L'tisilc  unit-stress  S  in  the  walls  of  the 

•x    ■-^iM  -•.'  amstitutes  the  resisting  force  2IS. 

.  •.     <  ,>;.i.i!  it  follows  that  iSt  =  pd  Is  the  funda- 

,-.  .  lo  .-ist-'ussion  of  the  strength  of  water  pipes 

,1..     •u'^uro.     For  example,  when  the  tensile 

,>     :.-,i  ■!.  V  *>X5  pounds  per  square  inch,  the  unit- 

,,  ,    n     !■  lHi:-it  a  pipe  24  inches  in  diameter  and  0,75 

,.  ^   ,      ^..-  -v'Liiiits  per  square  inch,  which  corresponds 

V    ■,....,    ■;,tti' ifivt  in  iliamijler  is  immersed  so  that  the  head 
^  ,,.     '^  ('Uiu-  mnking  an  angle  of  30°  with  the  vertkaL 
.    s.    .-,    ,'.  i-ij.  Miiiial  pressures  upon  one  side  of  it, 

Vx  vSmkk  of  Pressure  on  Rectangles 

■.    I.  ^.  -■■    •vv-.utv  on  a  surface  immersed  in  water  is  the 
,  ^-.^  .,oT  .-;  ihi-  nsullant  of  all  the  normal  pressures 
■        ■'.  ^  ■■■•\-»i  ».ist' is  the  following: 

«  1..1  .   IV   IX''"  i"  I'li»""l  with  one  end  in  the  water  sur- 
,,   ,,     ,    ,.    ;.;i-.-iiri'  is  distant  from  that  end  two-thirds 

•>  .  ■.^■^  "  wi'.'.  Iv  pioM'd  by  the  help  of  the  graphical  illus- 
,,     ,  .,.„  .   ■■   lij;  17""-      '"he   rectangle,  which   in   practice 

,  I  ■•.  .  N>.'.\i  ;,  plurtl  with  its  breadth  perpendicular  to  the 
.   ,■-  .V  v''  i«!;'.i;.  M>  that  .1^  represents  its  edge.     It  is  re- 

Sv   .^-  -A^:  x'w  y\-\\wx  of  pressure  C.     For  any  head  k  the  unit- 


CvDhn'  of  PrrasuixT  on  Rcctaiig]e«.     Art.  17 


pcesturcts  wA  (Art.  IS),  and  hence  the  unit-pressures  on  one  side 

dABtmy  be  gntphicully  rcprcsenlcd  by  arrows  which  form  a 

tmagle.    Now  when  a  force  P  equal  to  the  total  pressure  is 

qffied  on  the  other  &ide  of  the 

mtanglc  to  balance  these  unit- 

I«anues,    it    mu^t    be    placed 

i;{ipxtte  to  the  center  of  gravity 

(d  the  triangle.    Therefore  AC 

eqnb  two-thirds  of  AB,  and  the 

nilt  is  proved.     The  head  on  C 

B  evidently  also  two-thirds  of 

tbc  bead  on  B. 


Hit.  17*. 


Pw.  ITL 


Another  case  is  that  shown  in  Fig.  \7b,  where  the  rectangle, 

vfaose  length  is  BtB^,  is  wholly  immersed,  the  head  on  B,  being 

^^^^^^^^^_^^_^     Ai.  and  on  S,  being  k,.    Let 
^     '      ^^ ■  ■ 


AB,  =  b„      AC  =  y,      and 
ABj  =  bj.    Xow  the  normal 
pressure  i*i,  on  AB,  is  ap* 
plied  at    the   distance   i  bi 
from    A ,    and    the    normal 
pRaare  P,  on  AB,  Is  applied  at  the  distance  J  b^  from  A.    The 
Mmul  pressure  P  on  A,^  is  the  difTerence  of  P,  and  P,,  or 
^r^t  ~  A-    -^1^  by  taking  moments  about  v4  as  an  axis, 

^^Kr.by  Art.  lH.  the  normal  pressures  Pj  and  P,  for  a  rectangle 
^^M  unit  in  bri'iulth  arc  P^  =  \  it-i^  and  T,  =  1  u^iAi,  whence 
^B  totaJ  normal  pressure  is  i'  =  {  w{btht  ~  friA|),  and  accordingly 
V  cenler  of  pressure  is  given  by 

,  btVn  -  bHi 

WJkd  0  is  the  angle  of  inclination  of  the  plane  to  the  water  sur- 
hoe,  the  values  ol  At  and  At  arc  bt  sva9  and  b\  sind.  Acoord- 
*^y  the  expres^on  becomes 


y-i 


v-v 


(17)i 
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Again,  if  h'  is  the  head  on  tlie  center  of  pressure,  y  =  A*  cosec0, 
bi  =  Ih  cosec^,  and  Ji  =  Ai  cosecd.  These  inserted  in  the  last 
equation  give  A/  -  //.^  ,,-, 

These  formulas  are  very  convenient  for  computation,  since  the 
squares  and  cubes  may  be  taken  from  tables. 

If  h  equals  h,  the  above  formula  becomes  indeterrainatei 
which  is  due  to  the  existence  of  the  common  factor  ^  —  Ai  in 
both  numerator  and  denominator  of  the  fraction;  dividing  out 
this  common  factor,  it  becomes 

from  which,  if  In  =  In  =  ft,  there  is  found  the  result  h  =  h. 

Prol).  17.  In  Fig.  17a  let  the  length  of  AB  be  8.5  feet  and  its  inclination 
to  the  verticnll)c  45  dcgncs.     Pind  the  dqith  of  .the  center  «f  pressure. 

Art.  is.     General  Rule  for  Center  of  Pressure 

For  any  plane  surface  immersed  in  a  liquid,  the  center  of 

pressure  may  be  found  by  the  following  rule ; 

^T/ftH/n'^  ^•"''  '^*-"  '-"onient  of  inertia  of  the  surface  and  its  statical 
T"         moment,  both  with  reference  to  an  axis  siluuted  at  the  intcrsec- 
7"  "^        tion  of  the  plane  of  the  surface  with  the  water  level.     Divide 
_^  O  ^^'^  former  by  the  latter  an<l  theyquotient  is  the  perpendicular 

^"^■^'t  distance  from  that  axis  to  the  cCnter  of  pressure.  W-  /.  '  t-t  '■' 
The  demonstration  is  analogous  to  that  in  the  last  article. 
Let  SiSj  in  Fig.  176  be  the  trace  of  the  plane  surface,  which  itself 
is  perpendicular  to  the  plane  of  the  drawing,  and  C  be  the  center 
of  pressure,  at  a  distance  y  from  A  where  the  plane  of  the  surface 
intersects  the  water  level.  Let  aj,  a^,  as,  etc.,  be  elementary 
areas  of  the  surface,  and  //,,  //;.  A,,  etc.,  the  heads  upon  them, 
which  produce  the  normal  elementary  pressures,  liWiAj,  wa^ht, 
liifla/tj,  etc.  Letyi,  y^,  jj,  etc.,  be  the  distances  from  A  to  these 
elementary  areas.  Then  taking  the  point  -4  as  a  center  ofmo- 
ments,  the  definition  of  center  of  pressure  gives  the  equation 

(viaih  +  wathi  +  wa^t  +  etc.)  y  =  woihiyi  +  wajityt  +  waJuyt  +  etc. 


\ 
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Now  let  tf  be  the  angle  of  inclination  of  the  surface  to  the 
wilcr  level ;  then  Ai  =  yi  &m$,  Ih  =  yt  sin5,  As  =  yj  siaff,  etc. 
Henct,  inserting  these  values,  the  expression  for  y  is 

^  aiyi'  +■  fkya*  +  flays'  +  etc. 
«!>]  +  <hyz  +  fljyi  +  etc. 

The  numerator  of  this  fraction  is  the  sum  of  the  products  obtained 
by  multiplying  each  element  of  the  surface  by  the  square  of  its 
distance  from  the  axis,  which  is  called  the  moment  of  inertia  of 
the  surface.  The  denominator  is  the  sum  of  the  products  ob- 
tained by  multiplying  each  element  of  the  surface  by  its  distance 
from  the  axis,  which  is  called  the  statical  moment  of  the  surface. 


llierefore 


y  = 


moment  of  inertia  _  I' 
statical  moment       S 


(18) 


I    is  the  general  rule  for  finding  the  position  of  the  center  of  pressure 

,    of  an  immersed  plane  surface. 

i 

The  statical  moment  of  a  surface  is  simply  its  area  multiplied 
bj"  the  distance  of  its  center  of  gravity  from  the  given  axis.  The 
moments  of  inertia  of  plane  surfaces  nith  reference  to  an  axis 
through  the  center  of  gravity  are  deduced  in  Works  on  theoretical 
mecbanics;  the  following  are  a  few  values,  the  axis  being  parallel  to 
the  base  of  the  rectangle  or  triangle : 

for  a  rectangle  of  base  b  and  depth  d,  I  =  ^b<p 
for  a  triangle  of  base  b  and  altitude  d,  I  =  :!%  bd* 
for  a  circle  with  diameter  d,  /  =  A  ''d' 

To  find  from  these  the  moment  of  inertia  with  reference  to  a  par- 
allel axis,  the  well-known  formula  /'  =  /  +  Ak*  is  to  be  used, 
*liere  A  is  the  area  of  the  surface, 
i  the  distance  from  the  given  axis  to 
the  center  of  gravity  of  the  surface, 
ud  /*  the  moment  of  inertia 
quired. 

For  example,  let  it  be  required 
to  find  the  center  of  pressure  of  a 
TStical   circle  immersed  so   that    the  head   on  its  center  is 
equal  to  its  radius.    The  area  of  the  circle  is  }  wd^,  and  its 


re-      ^r 


Fig.  18. 
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statical  moment  with  reference  to  the  upper  edge  is  i  inPxid. 
Then  from  (18)  i      ..  ,  i      »    i  « 

or  the  center  of  pressure  is  at  a  distance  i  d  below  the  oeDter  of 
the  circle. 

Prob.  18.   Find  the  depth  of  flotation  for  the  triangle  in  Fig.  18.    Aho 
£nd  the  petition  of  the  center  of  pressure  upon  it  in  terms  of  s. 

Art.  19.  ■  Pressures  on  Gates  and  Dahs 

In  the  case  of  an  immersed  plane  the  water  presses  equally 
upon  both  sides  so  that  no  disturbance  of  the  equilibrium  results 
from  the  pressure.  But  in  case  the  water  is  at  different  levels  on 
opposite  sides  of  the  surface  the  opposing  pressures  are  unequal. 

For  example,  the  cross-section  of  a  self- 
acting  tide-gate,  built  to  drain  a  salt 
marsh,  is  shown  in  Fig.  19a.  On  the 
ocean  side  there  is  a  head  of  ki  above 
the  sill,  which  gives  for  every  linear  foot 
of  the  gate  the  horizontal  pressure 

which  is  applied  at  the  distance  \  ki 
above  the  sill.  On  the  other  side  the 
head  on  the  sill  is  ht,  which  gives  the 
horizontal  pressure  /':  =  i  whi*  acting 


^-J.-_ -4.-_^-> 


'. 


Fig.  19a. 

in  the  opposite  direction  to  that  of  Pi.  The  resultant  hoiinm- 
tal  pressure  is         p=p,-p,  =  ^^  (/,.«  -  A,«) 

and  if  z  be  the  distance  of  the  point  of  application  of  P  above 
the  sill,  the  equation  of  moments  is 

Pz-'PiXih-PiXiht 

from  which  s  can  be  computed.  For  example,  if  Ai  is  7  feet  and 
At  is  4  feet,  the  resultant  pressure  on  one  linear  foot  of  the  gate 
is  found  to  be  103 1  pounds  and  its  point  of  application  to  be  2.82 
feet  above  the  sill.  The  action  of  this  gate  in  resisting  the  water 
pressure  is  like  that  of  a  beam  under  its  load,  the  two  points  of 
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stppDTt  bdnf;  at  the  sill  and  ihc  hinge.  If  A  is  tJie  height  of  th« 
lie,  Uk  reaction  at  tlie  hinge  is  Pz/  h,  and  from  the  above  expres- 
I  for  Pi  it  is  seen  that  this  reaction  hiis  its  greatest  value  when 
K  beoomes  equal  to  h  and  kt  h  zero.  In  the  case  of  the  vertical 
JUe  of  a  canal  lock,  which  swings  horizontally  tike  a  door,  a 
Bn^  problem  arises  and  a  similar  conclusion  results. 

Vt'bcn  the  water  level  behind  a  masonry  dam  is  lower  than 
ils  lop,  as  in  Fig.  196,  the  water  pressure  on  the  back  is  normal 
lathe  plane  AB  and  for  computations  this  may  be  resolved  into 


.1  tt~ 

He.  IM.  Fig.  ig<. 

bofaontal  and  vertical  components.  Let  A  be  the  height  of  water 
ibove  (he  base,  6  the  angle  which  the  back  makes  with  the  vertical, 
thm  [rom  .\rt*.  15-16  the  values  of  these  pressures,  for  one 
fiwar  unit  of  the  dim,  Jirc  "  *.        x  m 

Normal  Pressure  .V  =  »•  hsecS- 1  A=  JwA'scctf 
Horizontid  Comixinent  U  •=  N cos$  =  \  wfi' 
Vertical  Component  C  =■  jV  Sin8  =»  J  wA*  land 

ad  from  Art.  17  the  pmnl  of  application  of  these  pressures  is  at 
)  t&tancc  i  h  above  the  base.  Kxcept  in  the  case  of  hollow  dams 
^r  the  horizontal  component  B  need  usually  be  con^dered,  since 
tbf  neglect  of  V  is  on  the  side  of  safety. 

When  tlie  water  runs  over  the  top  of  a  dam,  as  in  Fig.  lOc, 
W  A  be  the  height  of  the  dam  and  d  the  depth  of  water  on  its 
trot    Then 

Normal  Pressure  N  =  wk  stx$  ■  (d+ 1  A)  =  J  vfk(h+  2d)9K0 
Botnootal  Component ff  =  .Va>sd  =  J  aiA(A+ 3d) 

Vrrtiotl  Component  V  =  .X  sin0  =  lwh(h+id)l!ia$ 
lad,  bam  Art.  17,  tlie  point  of  application  above  the  base  AD  is 
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Iwhcn  d  =  o.  these  expressions  for  H  and  p  become  I  wf^  and  \  J 
llf  d  is  infinite,  the  value  of  p  reduces  to  i  A  and  hence  in  no  cas 
lean  the  pressure  A'  be  applied  as  high  as  the  middle  of  the  heigh 
lof  the  dam.  Unless  the  dam  be  hollow  or  0  be  greater  than  30 
|it  will  usually  be  proper  to  neglect  V  and  to  consider  on!y  H. 

It  is  not  the  place  here  to  enter  into  the  discussion  of  the  subject  a 
llhe  design  of  masonry  dams,  but  two  ways  in  which  they  are  liable  tc 
Ifail  may  be  noted.  The  first  is  ihat  of  sliding  along  a  horizontal  joint, 
las  AD;  here  the  horizontal  component  of  the  thrust  overcomes  thf 
Iresisting  force  of  friction  acting  along  the  joint.  If  W  is  the  weight  ol 
Imasonry  above  the  joint,  and/  the  coefficient  of  friction,  the  resist- 
ling  friction  is /IF,  and  the  dam  will  slide  if  the  horizontal  component 
lof  the  pressure  is  equal  to  or  greater  than  this.  The  condition  for  failun 
Iby  sliding  then  is  II—f\V.  For  example,  consider  a  masonry  dam  ol 
[rectangular  cross-section  which  is  4  feet  wide  and  A  feet  high,  the  watei 
Ibeijig  level  with  its  top.  Let  its  weight  per  cubic  foot  be  140  pounds 
land  let  it  be  required  to  find  the  height  h  for  which  it  would  fail  b> 
Isliding  along  the  base,  the  coefi&cient  of  friction  being  0.70.  Tht 
Ihorizontal  water  pressure  is  J  X  62.5  X  A'  and  the  resisting  fric- 
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cr  ifiiectly  iDto  its  mass.    This  upward  pressure  is  equivalent  to  a 
Ion  of  weight  due  to  percolating  water,  as  was  described  in  Art.  12. 

Prob.  19.  A  water  pipe  passing  through 
1  Boaoary  dam  is  dosed  by  a  cast-iron  cir- 
culu  valve  AB,  which  b  hinged  at  A,  and 
vbich  an  be  raised  by  a  vertical  chain  BC. 
IV  diameter  of  the  valve  is  3  feet,  its  plane 
makes  an  angle  of  27°  with  the  vertical,  and 
the  depth  of  its  center  below  the  water  level 
is  11.5  feet.  Compute  the  normal  water 
pnsEure  P,  and  the  dbtance  of  the  center  of 
pRssure  from  the  hinge  ^I.  Disregarding  the 
wi^t  of  the  valve  and  chain,  compute  the  *" 

foTO  F  required  to  open  the  valve.     When  the  weight    of  the  chain  is 
]j  pounds  and  that  of  the  valve  180  pounds,  compute  the  force  P. 


F 

C^ 

c  ^^       , 

— 

-'= 

s 

^ 

J 

Si         Waier-'^pt 

Art.  20.     Hydrostatics  in  Metric  Measures 

(Art.  11)    When  the  head  h  is  in  meters  and  the  unit-pressure 
^isb  kilograms  per  square  meter,  the  formulas  (ll}t  become 

p  =  lOooA  »  ^  "^  o.ooi^ 

In  engineering  practice  p  is  usually  taken  in  kilograms  per  square 
centimeter,  while  h  is  expressed  in  meters.    Then 

p  =  Q.\h  h^iop  (20) 

Stated  in  words  these  practical  rules  are : 

I  meter  head  corresponds  to  o.  i  kilogram  [>er  square  centimeter 
I  kilogram  per  square  centimeter  corresponds  to  10  meters  head 

These  values  depend  upon  the  assumption  that  looo  kilf^ams  is 
the  weight  of  a  cubic  meter  of  water,  and  hence  results  derived  from 
them  are  liable  to  an  uncertainty  in  the  third  or  fourth  significant 
figure,  as  Table  20  shows. 

TTie  atmospheric  pressure  of  1033  kilograms  per  square  centi- 
ffleter  is  to  be  added  to  the  pressure  due  to  the  head  whenever  it  is 
necessary  to  regard  the  absolute  pressure.  For  example,  if  the  air 
is  exhausted  from  a  small  globe  so  that  its  pressure  is  only  0.32  kilo- 
pain  per  square  centimeter  and  it  be  submerged  in  water  to  a  depth 
of  86  meters,  the  absolute  pressure  per  square  centimeter  on  the  globe 
h  ai  X  86  -f-  1.033  =  9-633  kilograms,  and  the  resultant  effective 
pressure  per  square  centimeter  is  9.633—0.32  =  9.313  kilograms. 
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Table  30l    Heads  and  Pressusis 
Metric  Measures 


' 

tia\  m  iatitaiT— 

pRBun 

Himdbi  Ifctea 

itaM 

IW  $«HB  ClMiKat 

fium  per 

Squvc 

<t  >tNIWi 

•  -.HUM                ■•-««; 

CeadmetR 

•  —  loss 

»-gw 

I 

*t                 o.ei(«7 

I 

IQ 

lO-Oj 

; 

J.*                     0.1W4 

3 

aa 

10.06 

,1 

*^                     a.1991 

3 

30 

30.09 

( 

**         1       »J988 

4 

40 

40.11 

X 

*5         1       «-498s 

S 

50 

50.15 

;« 

»*.»          1       o-S5>8i 

6 

60 

60.  iS 

. 

^»          ]       a.6979 

7 

70 

70.11 

s. 

**                  0,7976 

S 

So 

80.14 

4 

^M»         '       o.ag73 

9 

90 

90.  J7 

>•■ 

I..*                  <X997o 

10 

100 

100^ 

\  Vil  I'i'  tV  specific  gravity  of  a  substance  is  expressed  by 
thv'  vkKK'  i<uiii6vt  its  tlir  weight  of  a  cubic  centimeter  in  grams,  or  the 
Mvt^ht  ■.■!  *  vulw."  Ummeter  in  kilograms,  or  the  weight  of  a  cubic 
itHivt  »t  itivtiM,'  ttMU.  Thus,  if  the  specific  gravity  of  stone  is  24, 
.t  vtiiuv  itK'U^  «vtt£^  '-4  metric  tons  or  2400  kilograms.  A  bar  one 
v,iM.»iv  sv«itiiivtw  i«  cross-section  and  one  meter  long  contains  100 
vuKi  ^vui'tHclv-ts,  Iwiiw  if  such  a  bar  be  of  steel  having  a  specific 
^i,»vii.\  vi  -vA  rt  wcijttw  700  grams  or  0.79  kilogram  in  air,  while 
114  ».m»  ii  wvtjtlte  C»yi?  Kranis  or  0.69  kilogram. 

V  Vn  l-*^  ti»^«'  *  »  to  be  taken  in  meters,  A  in  square  meters, 
,iii,l  .>   »..  >vsv  k»Uiti*Hi»  [vr  cubic  meter;  then  P  will  be  in  kilograms. 

1,  Vn  W^  ►'v^  »  wntpr  pipe  let  p  be  the  interior  pressure  in 
lvil»tiniii.i  IV*  >\(«»tiv  vvnliinctcr  and  d  its  diameter  in  centimeters. 
{t^^^^  'i.1  »  \'*«lS  \l  v*»>r  vvnlimctcr  the  force  tending  to  rupture  the 
(Ml",  lm»(ituutiinH,\  U  fd-  l^'t  -S  be  the  stress  in  kilograms  per  square 
,vt.uitiiu.  1)1  (h*-  «*IU  \>i  thr  pijw;  this  acts  over  the  area  2I,  if  / 
Is  lU.  ihnKiKAt  \^  tth-w  ft>r\-es  are  equal,  the  equation  sSf  =  pd  is 
u.  \  w.«\l  iw  »h<'  in\\-«(ij:«ti»n  of  water  pipes.  For  example,  let  it 
Is  >%\twas\l  U'  »i>vl  »h«(  h»"«>i  will  burst  a  cast-iron  pipe  60  centiinc- 
iv».*  HI  slii^imtv-*  *n\\  i  ivminiftcrs  thick ;  the  tensile  strength  of  the 
>kt.«t,ti,a  Im>«  »»vN'  KiKsi™"!*  I*""  square  centimeter.  Using  the 
^Miniiwi.  iht,-  \rttw  i*t  P  t*  foWH'l  to  be  93.3  kilograms  per  square  cen- 
i.u^Av*  aikI  1^.-*^.  Hw»  Vr'- 11.  'h''  required  head  A  is  933  meters. 
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(Art  19)  Consider  a  rectangular  masonry  dam  which  weighs 
140a  kilognims  per  cubic  meter  and  which  is  1.4  meters  thick.  First, 
let  tt  be  required  to  find  the  height  of  water  for  which  it  would  fail 
bydiding,  the  coefficient  of  friction  being  0.75,  The  horizontal  water- 
pressure  is  J  X  1000  X  /P,  and  the  resisting  friction  is  0.75  X  2400  X 
14  Xi;  [dadng  these  equal,  there  is  found  h  =  5.04  meters.    Sec- 

ODtUy,  to  find  the  height  for  which  faUure  will  occur  by  rotation,  the 

Equation  of  moments  is 

JXioooXA'XiA=  2400  X  1.4  X  A  X  0.75 

from  which  there  is  found  A  =  3.89  meters.    The  horizontal  water- 

^mssure  for  one  linear  meter  of  this  dam  is  \  wA*=  7560  kilograms. 

Prob.  20a.  In  a  hydrostatic  press  one-half  of  a  metric  horse-power  is 
appfKd  to  the  small  piston.  Tlie  diameter  of  the  large  piston  is  50  centi- 
meten  and  it  moves  2  centimeters  per  minute.  Compute  the  pressure 
in  the  liquid. 

Prob.  20fc.  What  is  the  specific  gravity  of  dry  hydraulic  cement  of 
»hkh  W.6  cubic  centimeters  weigh  63.2  grams?  If  a  cube  of  stone  ia.4 
ccDtimeters  on  each  edge  weighs  4.88  kilograms,  what  is  its  specific  gravity  ? 

Prob.  20c.  In  Fig.  19a  let  the  head  on  one  side  of  the  gate  be  3.5  and  on 
tlie  olber  side  0.6  meters  above  the  sill.  Find  the  resultant  pressure  for 
one  bntar  meter  of  the  gate  and  the  distance  of  its  point  of  application  above 
thcdL 


Chap.  3.     Theoretical  HydrauUcs 


CHAPTER    3 


THEORETICAL    HVDIL\ULrCS 


Art.  21.    Laws  of  Falling  Bodies  * 

Theoretical  Hydraulics  treats  of  the  flow  of  water  when 
Iretardcd  by  opposing  forces  of  friction.  In  a  perfectly  smooUi 
rUncd  trough  water  would  flow  with  accelerated  velocity  and 

governed  by  ihc  same  laws  as  those  for  a  body  sliding  down 
frictionless  inclined  plane.  Such  a  flow  is,  however,  never 
nnd  in  practice,  for  all  surfaces  over  which  water  moves  are 
Ire  or  less  rough.  Friction  retards  the  motions  caused  by 
Ivity  so  that  the  theoretic  velocities  deduced  in  this  chapter 
pstitule  limits  which  cannot  be  exceeded  by  the  actual  veloc- 
Many  of  the  laws  governing  the  free  fall  of  bodies  in  a 
ruum  arc  similar  to  those  of  both  theoretical  and  practical 
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A 


B 


t  the  relations  bctn-ccn  V  ant)  h  for  \\\h  case.    These  formulas 
ME  also  true  whalcver  be  Ihc  direction  of  the  initial  velocity  u. 

When  a  body  of  wdght  W  is  at  the  height  k  above  a  given 
borizunlal  plane,  its  potential  energy  with  respect  to  this  plane 
is  Wk.  When  it  falls  from  rest  to  this  pkne.  the  potential  energy 
it  dunged  into  the  kinetic  energy  WV/ig  if  no  work  has 
bteo  <lone  against  frictiona!  resistance,  and  therefore  V^  =  igh. 
V1»i  it  has  a  velocity  ii  in  any  direction  at  the  height  h  above 
the  plane,  its  energ>'  there  is  partly  potential  and  partly  kinetic, 
thcsmn  of  these  being  Wh  +  W  •  U'/ig;  on  reacJiing  the  plane 
h  htj  the  kinetic  energy  H't^/jg.  Placing  these  equal,  there 
rtsults  1"  =  2^A  +  I**,  as  found  above  by  another  method.  In 
gtDsal,  reasoning  from  the  stand|X)int 
o(  energy  is  more  satisfactory  than 
tkl  in  which  the  element  of  time  is 
aqiloyed. 

He  general  case  of  a  body  moving 
Imnid  the  earth  is  represented  in 
F<|.21.  A^'hcn  the  body  is  at  A,  it  is 
It  a  height  A,  alwve  a  certain  horizontal  plane  and  has  the 
vdodty  fi-  When  it  has  arrived  at  B.  its  height  above  the 
plaDe  b  kt  and  its  velocity  is  Pj.  In  the  first  position  the  sum 
o<  lis  potential  and  kinetic  energy  with  respect  lo  the  givea 
Incuontal  plane  is  ,         v^ 

ud  In  the  second  position  the  sum  of  these  ene^es  is 

U  nn  energy  has  been  lost  between  the  two  powtions,  these  two 
opressions  arc  equal,  and  hence 


Fi(.  21. 


A,+^' 


(21), 


iliis  equation  Is  the  simplest  form  of  Bernouilli's  theorem  (Art. 
31).     It  contains  two   heights  and  two  velocities,  and  when 


■to 
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three  of  these  quantities  ure  given,  the  fourth  can  he  founc 
thus,  if  Vi,  hi,  and  ih  arc  given,  the  value  of  i^  13 


where  A,  —  Aj  is  the  vertical  height  of  A  above  B.    With  propei 
changes  in  notation  this  expression  reduces  to  (21)],  which  is  foi 
the  cast-  where  the  horizontal  plane  passes  through  B,  and  to  (21),, 
which  13  the  case  where  there  is  no  initial  velocity. 

pToh.  21.  A  body  enters  a  room  through  the  cdUrtK  with  a  velocity  of  47 
icfl  per  sMTond.  and  in  a  direction  making  an  angle  o[  17°  with  tlie  vera 
tkaL  If  the  height  o(  the  room  is  t6  feet,  find  the  velocity  of  the  body 
U  it  strikes  tbc  floor,  resistances  of  the  air  being  neglected. 

Art.  22.    VELoaTY  of  Flow  from  Orificbs 

When  an  ori&cc  is  opened,  either  in  the  base  or  side  of  a  vessel 
containing  water,  the  water  flows  out  with  a  velocity  which  is 
greater  for  high  heads  than  for  low  heads.  The  theoretic  velocity 
of  flow  is  given  by  the  theorem  established  by  Torricelli  in  1644 ; 

The  theoretic  velocity  of  How  from  the  orifice  is  the 
same  aa  that  acquired  by  a  body  after  having  fallen  from 
re^t  ill  a  vacuum  through  a  height  equal  to  the  head  of 
water  on  the  orifice. 

One  proof  of  this  theorem  is  by  experience.  When  a  vessel  is 
arranged,  as  in  the  first  diagram  of  Fig.  22.  so  that  a  jet  of  water 
from  an  orifice  is  directed  vertically  upward,  it  is  known  that  it 

never  atLiins  to  the  height  of 
the  level  of  the  water  in  the 
vessel,  although   under  favor- 
able conditions  it  nearly  reaches 
that  level.     It  may  hence  tie 
inferred  that  the  jet   would 
actually  rise  to    that    height 
were  it  not  for  the  resistance 
of  tbc  air  and  the  friction  of 
the  edges  of  the  orifice.    Now,  «nce  the  velocity  required  to 
raise  a  botly  vertically  to  a  certain  height  is  the  same  as  that 
acquired  by  it  in  falling  from  rest  through  tlial  height,  Et  is  rc- 


^ 


Fig' 33. 
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guded  as  established  that  the  velocity  at  the  orifice  is  that  stated 
Eb  tiw  theorem. 

Tie  foUowinf;  proof  rests  on  the  law  of  conservation  of  energy, 
Ld,uia  the  second  diagram  of  Fij;.  22,  itic  water  surface  in  »  ^'esscl 
be  It  .1  ind  let  the  flow  tbrouf;h  the  orilicc  occur  for  a  very  short  in- 
towl  of  lime  during  which  llie  water  .surface  descends  to  Ai.  Let 
V  be  the  weight  of  water  between  the  planes  A  and  Ai,  which  is  cvi- 
Anily  the  tame  a.i  that  which  flows  from  the  orifice  during  (he  »liort 
line  ooosidercd.  Ivct  IVi  be  the  weight  of  water  between  the  planes 
A,  ind  B,  and  Ai  the  height  of  its  center  of  gravity  alKi\-e  the  orittce. 
Let  i  be  the  height  of  A  above  the  ori&oe,  and  th  the  small  distance 
hctvTea  A  and  A^.  At  the  bcgbning  of  the  Bow  the  water  in  the  vessel 
hH  Ihe'  potential  en(rrg>-  H'lAj  +\V  ih—\i/i)  with  respect  to  B. 
I  ridng  the  velocity  at  the  orifice,  the  same  water  at  the  end  of  the 
11  ihin  iflterval  of  time  has  theener^ty  iKtAi+  W  •  F'/jg.  By  the  law 
II  of  eddtervation  lh<^e  arc  equal  if  no  energy  has  been  expended  in 
Mvcooaing  frictional  rcsi-stanccs ;  thus  h—  ^ih  =  \'^/ig.  Here  &k 
itvttysmall  if  the  area  A  is  large  compared  with  the  area  of  the  or!- 
fa,  uxi  tiim  V*  =  igh,  which  is  the  ^ame  as  for  a  t>o<ly  faliing  from 
Rtt  through  the  height  A.  Or  h—iih  may  be  regarded  as  an  aver- 
W  head  corresponding  to  an  average  velocity  V,  so  that  in  general 
f*/if  is  equal  to  the  average  head  on  the  orifice. 

tof  any  orifice,  therefore,  whether  its  plane  is  horizontal, 
mtical,  or  inclined,  provi<Icd  the  head  A  is  so  large  that  it  has 
pnctieally  the  same  value  for  all  parts  of  the  orifice,  the  relation 
ktwcen  V  and  A  is 

y  =  V7ih        or        b=V^/2g  (22). 

the  first  of  which  gi\'es  the  theoretic  velocity  of  flow  due  to  a  given 
bead,  while  the  second  gives  the  theoretic  head  thai  will  produce 
a  liven  x-docity.  The  term  "veIocity-1-ead"  will  generally  be 
used  to  designate  the  expression  V/  ig,  this  being  the  height  to 
irhicb  the  jet  would  rise  if  it  were  directed  vertically  upward  and 
there  were  no  frictional  resistances.  Using  for  g  the  mean  value 
}2.i6  feet  per  second  per  second  (Art. 7),  these  formulas  become 
K  =  8,o3oVa  a  =  0.01555  P  (22)i 

L  in  which  A  must  be  in  feet  and  V  in  feet  per  second.    The  follow- 
ft  tag  table  gives  values  of  the  velocity  V  corresponding  to  a  given 


^^H 

^^^^^^^^^^■^^H 

^M 

^^M 

H^IHI^^H^^I 

1 

1 
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ad  /(  and  also  values  of  the  velocity-head  h  corresponding  to  a 

■en  velocity  I'.     It  is  seen  that  small  heads  produce  high  theo- 
tic  velocities.     The  relation  between  h  and  V  is  the  same  as  that 
tweeii  the  ordinate  and  abscissa  of  the  common  parabola  when 
e  origin  is  at  the  vertex.     It  may  also  be  noted  that  the  dis- 
ssion  here  given  applies  not  only  to  water  but  to  any  liquid; 
as  V^  =  2gh  is  theoretically  true  for  alcohol  and  mercury  as 
11  as  for  water. 

Table  22.    Velocities  and  Velocity-heads 

^H 

V  -  vW  -  ion  Vh 

*— P/2(  —  OOISSS  V 

H 

Ie^<! 
Fret 

D.l 

D,4 

Velocity 

in  Pre! 

per  Secirnd 

Hud 
in  Feel 

\'elocit>' 

in  Feet 

prr  Second 

Vrfocily 
in  Feel 

per 
Second 

Head 
in  Feet 

VelwUr 
in  Feet 

P" 
SMood 

Had 
in  Feet 

1 

J-537 
3-SS7 
4-393 
5-°T 

t 

3 

3 

4 

S.ol 

"■33 
i3.Sg 
16.04 

I 

a 
3 
4 

o.oiG 
Q.ofiJ 
a. 140 
a.241) 

aa 
40 

1.56 

6.11 
>3-99 

«4.sa 

■ 
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Art.  23.     Flow  under  Pressurk 

The  !ev«]  of  water  in  lh«  rtscrvoir  and  the  orifice  of  outflow 
iwbeen  thus  far  regarded  as  subjected  to  no  pressure,  or  at  least 
onl)'  lo  the  pressure  of  the  atinospliere  which  acts  upoa  both  with 
tbtninc  mean  force  of  14.7  pounds  per  .square  inch,  since  the 
had  *  is  rarely  or  never  so  great  (hat  a  sensible  variation  in  at- 
ma^bcric  pressure  can  be  detected  between  the  orifice  and  the 
mter  (evet.  But  the  upper  level  of  the  water  may  be  subject  to 
the  pressure  of  steam  or  to  the  prc^urc  due  to  a  heavy  weight  or 
toi  piston.  The  orifice  may  also  be  under  a  pressure  greater  or 
lest  than  that  of  the  atmosphere.  It  is  required  to  determine 
Ibvtiodty  of  flow  from  the  orifice  under  these  conditions. 

First,  suppose  that  the  surface  of  the  water  in  the  vessel  or 

is  subjected  to  the  uniform  pressure  of  po  pounds  per 

'xjuarc  unit  above  the  atmospheric  pressure,  while  the  pressure 

U  the  orifice  is  the  same  as  that  of  the  atmosphere.    Let  h  he 

tbedepth  of  vater  on  the  orifice.     The  velocity  of  flow  V  Is  greater 

than  V^iA  on  account  of  the  pressure  />o,  and  it  ts  CNndently  the 

sune  as  that  from  a  column  of  water  whose  height  is  such  as  to 

produce  the  same  pressure  at  the  orifice.     If  w  is  the  weight  of 

a  cubic  unit  of  water,  the  unit-pressure  at  the  orifice  due  to  the 

head  is  wA,  and  the  total  unit-pressure  at  the  depth  of  the  orifice 

is  p  =  wk  +  p„.  and  from  formula  (1 1),  the  head  of  water  which 

would  produce  this  total  unit-pressure  is 

w  w 

Accordingly  the  theoretic  velocity  of  flow  from  the  orifice  is 

V=V2gih  +  p,/w) 
or,  if  k»  denote  the  head  conesponding  to  the  pressure  ^0, 

The  general  formula  (22),  thus  applies  to  any  small  orifice  if  B 
be  the  head  corresponding  to  the  static  pressure  at  the  orifice. 

Secondly,  suppose  that  the  surface  of  the  water  in  the  vessel 
is  subjected  to  Uie  unit-pressure  p^,  while  the  orifice  is  under  the 
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external  unit-prtssurc  Pj.     Let  A  be  the  head  of  actual  water 
the  oriiicc,  /<„  the  head  of  water  which  will  produce  the  pressure 
^0,  and  ft,  the  head  which  will  produce  />,.    The  theoretic  ve- 
locity of  How  at  the  oridce  is  then  the  same  as  if  the  oridcc  were 
under  a  head  k  +  h^  —  Ai.  or 

K=V2«(A  +  Ao-A.)  C23)i 

in  whidi  the  values  of  ko  and  hi  arc 

/lo  =  pa/io      and       Ai  =  Pi/w 
Usually  po  and  pi  are  given  in  pounds  per  square  inch,  white 
ho  and  A|  arc  required  in  feet;  then  (Art.  11) 
h  =  2-304/',,  ki  =  2.304^1 

The  values  of  ^0  and  pi  ma)'  be  absolute  pressures,  or  merely 
surcs  above  the  atmosphere.     In  the  latter  case  pi  may  someti: 
be  negative,  as  in  the  discharge  of  water  into  a  condenser. 

As  an  illustration  of  these  principles  let  the  cylindrical  tank 
in  Fig.  23  be  2  feet  in  diameter,  and  upon  the  surface  of  the  water 

let  there  be  a  tightly  fitting  pis- 
ton which  with  the  load  W  weighs 
3000  pounds.    At  the  depth  S  feet 
below  the  water  le\-el  are  three 
small  orifices :    one  at  A ,  upon 
wluch  there  is  an  exterior  head  oCh 
water  of  3  feet ;  one  not  shown 
in  the  figure,  which  discharges 
directly  into  the  atmosphere;  and 
one  at  C,  where  the  discharge  hM 
into  a  vessel  in  which  the  air  pressure  is  only  10  pounds  per  " 
square  inch-     It  is  required  to  determine  the  velocity  of  efflux 
from  each  orifice.    The  head  ho  corresponding  to  the  pressure  0tt4 
the  upper  water  surface  is 

k,  =  h 3999 — 

w      3.142X62.5 


I 


Fig  23. 


15.28  feet 


The  head  hi  is  3  feet  for  the  first  orifice,  o  for  the  second,  and] 
-  2.304(14,7- io)  =  - !o.83    feet   for  the  third.      The 
theoretic  velocities  of  outflow  then  are: 
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r"8x>2  v'8  +  15.28—  3  =  1*  I  («ct  per  second, 
V  =  8.02  V'8+ 15.38+  o  =  _j8,7  feel  ptT  second, 
r  =  8.03  V8+  15.28+  10.83  =  46.8  feet  per  second. 

In  the  case  of  discharge  from  an  orifice  under  water,  as  at  /t 
61  fig.  23,  the  value  of  A  —  Ai  is  the  same  wherever  the  orifice  be 
pbced  below  the  lower  level,  and  hence  the  velocity  depends 
ipoB  (he  diflcrencc  o(  level  of  the  two  water  surfaces,  and  not 
upon  the  depth  of  the  orifice. 

The  velocity  of  flow  of  oil  or  mercury  under  pn-wure  i«  to  be  de- 
termincd  in  the  same  manner  as  water  by  finding  the  heads  which  nill 
produce  the  ffiveti  pre:jAure.  Thai  In  tlie  preceding  numerical  example, 
ii  the  liquid  is  mercury  whose  weight  |>cr  cubic  foot  is  S50  pounds 
tbe  head  of  mercury  corresponding  to  the  pressure  of  the  piston  is 


It,- 


-i^.--=,.,2feet, 


3.142X850 

and,  accordingly,  for  discharge  into  the  atmosphere  at  the  depth 
A  =  8  feet  the  velocity  is 

V  =  8,ojv''S+  i.ijsa  S4.1  feet  |>er  second, 

■jrfaSe  for  water  ihe  velocity  was  38.7  (eel  per  second.  The  general 
formula  (22>i  b  applicable  to  all  cases  of  the  flow  of  liquids  from 
a  Mnall  orifice  tf  for  A  its  value  p/w  be  sulistitiited  where  fi  is  the  re- 
sultant unit-pressure  at  the  depth  of  the  orifice  and  u  the  weight  of 
a  cubic  unit  of  the  liquid.    Thus  for  any  Hquul 

V^^/^p/w  (23), 

b^jthe  theoretic  velodty  of  flow  from  ihe  orifice.  .\ccordin)!iy  for  the 
^^BBc  unit-pressure  p  the  velocities  are  inversely  pruiwrtioiial  to  the 
^^■nrc  roou  of  the  densities  of  the  liquid.^. 

Vrab.  23.  What  i*  the  thc.-i>retie  velocity  ol  flow  from  a  small 
orificE  in  a  boiler  1  feci  below  ihe  walci  level  nben  the  i.tciuii-Kn,|(e  nzd» 
75  pounds  per  squnTe  irKh?  Vrlial  is  the  ihcorelic  velocity  when  the 
gusemdio  t 

Art.  24.    Influence  op  Velooty  of  Approaoi 

Thus  far  in  the  determination  of  (he  theoretic  velocity  and 

dbchargc  from  an  orifice,  the  head  upon  it  has  been  regarded 

_M  constant    But  if  the  cross-section  of  the  vessel  is  not  large, 


/ 
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head  can  only  be  kept  constant  by  an  inflow  of  water,  and  this 
1  modify  the  previous  formulas.      In  this  case  the  water  ap- 
aches the  orifice  with  an  initial  velocity.     Let  a  be  the  area  of 
orifice  and  A  the  area  of  the  horizontal  cross-section  of  the 
vessel.     Let  V  be  the  velocity  of  flow  through 
a    and   v   be  the   vertical  velocity  of  inflow 
through  A.    Let  W  be  the  weight  of  water 
flowing  from  the  orifice  in  one  second;  then 
an  equal  weight  must  enter  at  A  in  one  sec- 
ond in  order  to  maintain  a  constant  head  A. -j 
The  kinetic  energy  of  the  outflowing  water  is  } 
V/2g,  and  this  is  equal,  if  there  be  no  loss  of  energy,  to 
potential  energy  Wh  of  the  inflomng  water  plus  its  kinetic 
srgy  W  ■  v'/2g, 


F«.  24j. 


W 


2g 


Wk+W 


2g 


pw  since  the  same  quantity  of  water  Q  passes  through  the  two 
in  one  second,  Q  =  aV  =  Av,  whence  v  =  V  ■  a/A.     In- 
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buna  vertical  inflow  at  the  water  surface,  and  0.5  percent  when 
ff  *  A  yl.  Practically,  If  tht-  ;ircii  of  the  orilkc  be  less  than  one- 
twentieth  01  llie  cross-sec tiun  of  ilie  vessel,  the  error  in  using  the 
fonnula  V  =  y/t^  is  too  smtiU  to  be  noticed,  even  in  the  most 
precise  experiments,  and  fortunately  most  orifices  are  smaUer  in 
relative  size  tlian  this. 

A  more  common  case  is  that  where  the  reservoir  is  of  large 
horizontal  and  small  vertical  cross-section,  and  where  the  water 
approaches  the  orifice  with  velocity  in  a  horizontal  direction,  as 
in  Fig.24A,  Here  let  A  be  the  area  of  the  vertical  cross-section 
of  the  trough  or  pipe,  a  the  area  of  the  orifice,  and  A  the  head  on 
its  center.    Then  il  A  be  large  compared  nith  the  <lcpth  of  the 


I 


fie  2**. 


Fife  2*<. 


orifice,  cxactlj-  the  same  reasoning  applies  as  before,  and  the 
theoretic  velocity  at  the  orifice  is  given  by  the  above  formula  (24)  1 . 
The  same  is  also  true  for  the  case  shown  in  Fig.  2-k,  where  water 
is  forced  through  a  hose  with  the  velocity  11  and  issues  from  a 
nozzle  with  the  velocity  V,  the  bead  h  being  that  due  to  the  pres- 
sure at  the  entrance  of  the  nozzle. 

TTie  "effective  head"  on  an  orifice  is  the  head  that  will  pro- 
duce the  theoretic  vclodty  V.  If  /7  is  this  effective  head,  then 
U  =  V^/jg,  and  from  the  first  equation  of  this  article 


H 


(24), 


TTie  effective  head  on  an  orifice  is,  therefore,  the  sum  of  the 
pressure  and  velocity  heads  which  exist  behind  it.  Another 
ezprcssbo  for  the  eflfecttve  head  can  he  obtained  from  (24)i,  or 

h 


H' 


(oM)' 
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len  B  has  been  found  from  either  of  these  formulas,  the 
^oretic  velocity  and  discharge  are  given  by 

V  =  -\/2gU     and     Q  =  aV  =  a-^/2ga 

all  instances  where  A  is  sufficiently  large  so  that  its  value  is 

|isibly  constant  for  all  parts  of  the  orifice.     But  if  this  is  not 

case,  the  value  of  Q  is  to  be  found  by  the  methods  of  Arts. 

I  and  48. 

Prob.  24.  In  Fig.  24c  let  the  head  A  be  6o  feet,  the  diameter  of  the  nozzle 
linches.  and  the  diameter  of  the  hose  3  inches.  Compute  the  cficctive 
\A  B,  and  also  the  discharge  Q  in  cubic  feet  per  second. 

Art.  25.    The  Path  of  a  Jet 

When  a  jet  of  water  issues  from  a  small  orifice  in  the  vertical 
|e  of  a  vessel  or  reservoir,  its  direction  at  first  is  horizontal,  but 

'  force  of  gravity  immediately  causes  the  jet  to  move  in  a  curve 
Jich  will  be  shown  to  be  the  common  parabola.  Let  ,r  be  the 
abscissa   and   y   the   ordinate  of  any 


\ 
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This  value  is  o  when  A  =  o  and  also  when  A  =  /,  and  it  is  a  maxi- 
mum when  h  =  il.  Hence  the  greatest  range  is  from  atx  tnifice 
at  the  mid-height  of  the  vessel. 

A  more  general  case  i-i  that  where  the  side  of  the  vessel  is 
inclined  to  the  vcrtital  at  the  angle  d,  as  iii  Fig.  25b.  Here  the 
jet  at  first  iftsues  perpendicularly 
to  the  side  with  a  velocity  v, 
having  the  theoretic  value  Vigh, 
and  under  the  action  of  the  im- 
pulsive force  a  particle  of  water 
«-oiild  describe  the  distance  AB 
in  a  certain  time  /  with  the  uni- 
form velocity  v.  But  in  that 
same  lime  the  force  of  gravity  causes  it  to  descend  through  the 
distance  BC.  Now  let  x  be  the  horizontal  abscissa  and  y  the  ver- 
tical ordinate  of  the  point  C  measured  from  the  origin  A.  Then 
AB^x  sectf,  and  BC  -  x  tanfl  -  y.    Hence 

xsec0  =  tt        xlm$~y  =  \gf 

The  eliminaliort  of  /  from  these  expressbna  gives,  after  replac- 
ing v'  by  its  value  2gb, 

y  =  x  tan*  -  a:*  scc^^*  (25) 

which  is  also  the  equation  of  a  common  parabola. 

Tu  find  the  horizontal  ranf;e  in  the  level  of  the  orifice  take 
y  —  o  in  tbe  last  equation  ;  thai 

jc  =  4*  tantf/sec'tf  =  iJt  sin  20 

This  is  o  when  tf  «.  o*  or  tf  =  oo* ;  it  is  a  maximum  and  equal 
to  a*  when  ff  =  45'*-  To  find  the  highest  point  of  the  jet  the 
first  derivative  of  y  with  reference  to  jr  is  to  be  equated  to  xero 
ia  order  to  obtain  the  maximum  ordinate,  and  there  results 

x=  ft  sin  2$  y  =  !i  sin'tf 

which  are  the  coonlinatcs  of  the  highest  point  with  respect  to 
the  origin  A.  In  these  M  B  =  go",  x  is  o  and  _v  is  h ;  that  is,  if  a 
jet  be  directed  vertically  upward,  it  will,  (heoreticaiiy,  rise  to  the 
bdtgbt  of  the  water  level  in  the  reservoir. 
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As  a  numerical  example  let  a  vessel  whose  heiglit  is  16 
stand  upon  a  Iiorizoiitiil  plane  DE,  Fig,  2o&,  the  side  of  the  vessel 
being  inclined  to  the  vertical  at  the  angle  0  =  ^0°.  Let  a  jet  1 
issue  from  a  small  orifice  at  A  under  a  head  of  10  feet.  The  jetfl 
rises  to  its  maximum  height,  >>  =  «  X  10  =  2.5  feet,  at  the  dis-" 
tance  x  =  i  V^  X  10  =  8.06  feet  from  A.  At  a:  =  17.32  feet 
the  jet  crosses  the  horizontal  plane  through  the  orifice.  To  locate 
the  point  where  it  strikes  the  plane  DE,  the  value  of  y  is  made  -6 
feet;  then,  from  the  equation  of  the  curve,  x  is  found  to  be  24.6 
feet,  whence  the  distance  DE  b  21.2  feet. 

In  practice  the  above  equations  arc  modified  by  the  frictional 
resistance  of  ihe  edges  of  the  orilice  which  renders  11  less  than  the 
theoretic  value  V^gA,  and  also  by  the  resistance  of  the  air. 
They  are,  indeed,  extreme  limits  which  may  be  approached  but 
not  reached  by  equations  that  take  these  resistances  into  account. 

Prob.  25.    .^  jVt  issuw  from  n  v«scl  iindcr  a  hentl  ot  6  fn-t,  one  ?iiJe 
of  the  vessel  being  inclined  to  the  vertical  ai  an  angle  of  45'  and  its  depth  , 
being  16  feet.     Find  Ihc  maximum  height  to  which  the  jet  riw*,  the  pointf 
where  it  atrikes  the  horizonlal  plane  of  the  base,  and  its  theoretic  velocity  1 
it  strikes  thit  pl^ne. 

Aht.  26.    The  Energy  of  a  Jet 

Let  a  jet  or  stream  of  water  have  the  velocity  v,  and  let  W  be 
the  weight  of  water  per  second  passing  any  given  cross-scction.| 
The  kinetic  energy  of  this  moving  water  is  the  same  as  that  store 
upbyabody  of  weight  It' falling  freely  under  the  action  of  gravity' 
through  a  height  A  and  thereby  acquiring  the  velocity  0.    ITius,  j 
if  K  represents  kinetic  energy  per  second,  I 

K  =  Wh=W-v'/2g  (28), 

Now  if  (1  be  the  area  of  the  cross-section  and  w  the  weight  of 
cubic  unit  of  water,  W  is  the  weight  of  a  prism  of  water 
length  V  and  cross-section  a,  or  W  =  wav,  whence 

K  =  wau'/ag  (26) 

and  accordingly  the  energy  which  a  Jet  can  yield  in  one  seconc 
is  directly  proportional  to  its  cross-section  and  to  the  cube  of  it 
velocity.    The  term  "power"  is  often  used  to  exptesa  cne 
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per  second,  and  when  K  is  in  foot-pounds  per  second,  the  horse- 
power that  a  ;ct  can  yield  is  aMcrlaincd  hy  dividing  K  by  550. 
Heoce  the  horsc-powcrs  of  jcls  of  Ihc  same  cross-section  vary 
as  the  cubes  of  their  velocities.  For  example,  if  the  velocity  of  a 
jel  be  doubled,  the  cross-section  remaining  the  same,  the  horse- 
power is  made  eight  times  as  great.  The  term  "energy  of  a 
jet  "  is  often  used  in  hydraulics  for  brevity,  but  it  always  means 
energy  per  second  of  the  jet;  that  is,  the  power  of  the  jet. 

The  expressions  just  deduced  give  the  theoretic  energy  of  the 
jct,  that  is,  the  maximum  work  which  can  be  obtained  from  it  in 
one  second,  but  this,  in  practice,  can  never  be  fully  utilized.  The 
actual  work  realized  when  a  jet  strikes  a  moving  surface,  like  the 
vane  of  a  water-motor,  depends  upon  a  number  of  circumstances 
which  will  be  explained  in  a  later  chapter,  and  it  is  the  constant 
aim  of  inventors  so  to  arrange  the  conditions  that  the  work  real- 
ized may  be  as  near  the  theoretic  energy  as  possible.  The  "e£S- 
cicncy"  of  an  apparatus  for  utilizing  the  power  of  moving  water 
is  the  ratio  of  the  work  k  actually  utilized  to  the  theoretic  energy, 
or  the  efficiency  e  is 


c^k/K 


(26), 


The  greatest  possible  value  of  e  is  unity,  but  this  can  never  be 
attained,  owing  to  the  imperfections  of  the  apparatus  and  the 
fricliona]  resistances.  Values  greater  than  0.90  have,  however, 
been  obtained  ;  that  is.  90  percent  or  more  of  the  theoretic  power 
of  the  water  has  been  utilized  in  some  of  the  best  forms  of  hy- 
draulic motors. 

For  example,  let  water  issue  from  a  pipe  2  inches  in  diameter 
with  a  velocity  of  10  feet  per  second.  The  cross-section  in  square 
feet  b  3. 142/144.  »nd  the  kinetic  energy  of  the  jct  in  foot-pounds 
per  second  is 

K  "  0.0!  555  X  62.5  X  0.021S  X  lo*  =  21.2 

which  is  00385  horse-power.  If  the  vdocity  is  100  feet  per  sec- 
ond, the  theoretic  horse-power  will  be  38,5 ;  if  this  jet  operates 
a  nwtor  yielding  27  7  effective  horse-powers,  the  efficiency  of  the 
apparatus  is  27.7/38.5  =  0.7a,  or  72  percent  of  the  theoretic 
energy  ts  utilized. 
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The  energy  of  a  jet  is  the  same  whether  its  direction  of  moUon 
be  vertical, horizontal. or  inclined,  and  per  second  it  isalwa>'s  IV' A, , 
where  A  is  the  velocity-head  corresponding  to  actual  velocity  »,i 
and  li'  is  the  weight  of  water  delivered  per  sutond.  The  energy  I 
should  not  be  computed  from  the  thcorcticaJ  velocity  V,  as  this] 
is  usually  greater  than  the  actual  velocity, 

Pfob.  26,   When  water  i&sucs  from  a  pipe  with  a  velocity  ot  3  fwt  pet  | 
second,  ilskini-lic  i.'ncrK>'issuflicii-nl  tu  generate  1.3  tiorae-jioweni.     VVhat  is 
the  horsepower  when  the  velocity  becomes  6  feet  per  second  ? 


Art.  27.    Iupcl^e  and  Reaction  of  a  Jet 

Wiicn  a  stream  or  jet  is  in  motion,  delivering  W  pounds  of  1 
water  per  .second  with  the  uniform  velocity  v,  that  motion  may] 
be  regarded  as  produced  by  a  constant  force  F,  which  has  acted] 
upon  H''  for  one  second  and  then  ceased.  In  this  second  thej 
velocity  of  \V  has  increased  from  o  to  ;i,  and  the  space  1  v  has  been] 
described.  Consequently  the  work  F  X  it  has  been  imparted  toj 
the  water  by  the  force  F.  But  the  kinetic  energy-  of  the  moving 
water  is  W  •  ti'/3g,  and  hence  by  the  law  of  conservation  of  energy 
F  Xhv  =  W  X  i^/jg,  from  which  the  constant  force  is 


F^W.v/g 


(27), 


This  value  of  F  is  called  the  "impulse"  of  the  jet.    As  W  is  la] 
pounds  per  second,  v  in  feet  per  second,  and  g  in  feet  per  sccont! 
per  second,  the  value  of  F  is  in  pounds. 

In  theoretical  mechanics,  the  term  "impulse"  is  used  in  aJ 
slightly  diflerent  sense,  namely,  as  force  multiplied  by  time,  f 
In  hydratdits,  however,  W  is  not  pounds,  but  pounds  per  second, 
and  thus  the  impulse  is  simply  pounds.     The  force  F  is  to  be  re- 
garded as  a  continuous  impulsive  pressure  acting  at  the  origin 
of  the  jet  in  the  direction  of  the  motion.    For,  by  the  definitioa, 
F  acts  for  one  second  upon  the  W  jjounds  of  water  which  pass  a 
given  section ;  but  in  the  next  second  W  pounds  also  pass,  and 
the  same  is  the  case  for  each  second  following.    This  impulse;  < 
will  be  exerted  as  a  pressure  upon  any  surface  which  is  placed  in  j 
the  path  of  the  jet. 
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lie  reaction  of  a  jet  upon  a  vessel  occurs  when  water  flows 
from  an  orifice.  This  ri-atlion  must  be  equal  in  value  and  oppo- 
'ate  in  direction  to  the  impulse,  as  in  all  cases  of  stress  action 
and  reaction  are  equal.  In  the  direction  of  the  jet  the  impulse 
pfxxluces  motion,  in  the  opposite  direction  it  produces  an  equal 
[Hvssurc  which  tends  to  move  the  vessel  backward.  The  force 
of  reaction  of  a  jet  is  hence  equal  to  the  impulse  but  opposite  in 
direction.  For  example  (Fig,  27),  let  a  vessel 
containing  water  be  suspended  at  .4  so  that 
it  can  swing  freely,  and  let  an  orifice  be 
opened  in  its  side  at  B.  The  head  of  water  at 
M  causes  a  pressure  which  acts  toward  the  left 
lutd  causes  \V  pouitds  of  water  to  move  during 
evcr>*  second  with  the  velocity  of  v  feel  per  '"*"  ' 

second,  and  which  also  acts  toward  the  right  and  causes  the 
vesad  to  swing  out  of  the  vertical ;  the  first  of  these  forces  is 
itbe  impulse,  and  the  second  is  the  reaction  of  the  jet.  If  a  force 
Jt  be  applied  on  the  right  of  a  vessel  so  as  to  pre\'enl  the  swing- 
in*,  its  value  is  R  =  p»W-v/g  (27)t 

tnd  this  is  the  formula  for  the  reaction  of  the  jet. 

The  impulse  or  reaction  of  a  jet  issuing  from  an  orifice  is 
Rouble  the  hydrostatic  pressure  on  the  area  of  the  orifice.  Let 
M  be  the  head  of  water,  a  the  area  of  the  orifice,  and  w  the  wdght 
|Df  a  cubic  unit  of  water;  then,  by  Art.  15,  the  normal  pressure 
when  the  orifice  is  ckised  is  ivah.  When  the  orifice  is  opened,  the 
w<^gbt  of  water  issuing  per  second  is  ){'  =  leav,  and  hence  the 
impulse  or  reaction  of  the  jet  is 

kl  R  =  F^  aiflu  ■  v/g  =  2wa  •  f*/3j  =  swuft 

ich  is  double  the  hydrostatic  pressure.  This  theoretic  con- 
tusion ha!>  been  verified  by  many  experiments  {Art.  IM). 

When  a  jet  impinges  normally  on  a  plane,  it  produces  a  dynamic 
lie  on  that  plane  equal  to  the  impulse  F.  since  the  force  re- 
red  to  slop  W  pounds  of  water  in  one  second  is  the  same  as 
t  required  to  put  it  in  motion,     Again,  if  u  stream  moving 
Ith  Uie  velocity  f  i  is  retarded  so  that  its  vdoctty  becomes  S|, 
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the  impulse  in  the  first  instant  is  W  •  Vy'g,  and  in  the  sco 
W  ■  i^'g.    The  diilcrcnce  of  these,  or 

F,-F,  =  Wiv,-Vt)/g  (27), 

is  a  measure  of  the  dj-naniic  pressure  which  has  been  developed. 
It  is  by  virtue  of  the  pressure  due  to  change  of  velocity  that  tur- 
bine wheels  and  other  hydraulic  motors  transfonn  the  kinetic  | 
energy'  of  moving  water  into  useful  work. 

Prob.  27.  If  a  stream  of  water  3  inchc*  in  diameter  issues  from  an  orifice 
in  a  direction  inclined  downward  36*  to  tbc  horizon  with  a  velocity  of  15 
fed  per  second,  find  its  horizonliil  reaction  on  the  vcssd. 
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Art.  28.    Absolute  and  Relati\t  Vet-Ocities 

Absolute  velocity  is  defined  in  this  book  as  that  with  respect 
to  the  surface  of  the  earth,  and  relative  velocity  as  that  with 
respect  to  a  body  moving  on  the  earth.  Thus  absolute  velocity 
is  that  seen  by  a  spectator  who  is  on  the  earth,  and  relative  veloc- 
ity is  that  seen  by  one  who  is  on  the  moving  body.  For  instance, 
if  a  body  is  dropped  by  a  person  who  is  on  a  moving  railroad  car, 
it  appears  to  a  person  standing  outside  to  move  obliquely,  but  to 
one  on  the  car  it  apjwars  to  move  vertically.  On  a  car  in  uni- 
form motion  all  the  laws  of  mechanics  pre\'ail  exactly  as  if  it  were 
at  rest ;  hence  if  a  body  of  weight  W  is  dropped  through  a  height 
k,  it  acquires  a  theoretic  vertical  velocity  of  ^/igh  with  respect  to 
the  car.  But  if  the  horizontal  velodly  of  the  car  is  «.  the  kineticj 
energy  of  the  body  at  the  moment  of  letting  it  fall  is  IV  ■  u^ig 
and  its  potential  energy  is  Wh,  so  that,  neglecting  frictional  re- 
sistances, its  total  energy  after  falling  through  the  height  A  is  the 
sum  of  these,  and  accordingly  its  absolute  velocity  with  respect 
to  the  earth  is  v'agA  +  «'. 

When  a  vessel  containing  water  with  a  free  surface,  as  in  Fig. 
28(1,  has  an  orifice  under  the  head  A  and  is  in  motion  in  a  straight 
line  with  the  uniform  absolute  velocity  «,  tbe  theoretic  velocity 
of  flow  relative  to  the  vessel  is  K  =  y/sgk,  or  the  same  as  its 
absolute  velocity  if  the  vessel  were  at  rest,  for  no  acceleratisg 
forces  exist  to  change  the  direction  or  the  value  of  g.    The  abso- 
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hite  velocity  of  flow,  however,  may  be  greater  or  less  than  V, 
Impending  upon  the  value  of  u  and  its  direction.  To  illustrate, 
take  the  case  of  a  vessel  in 
uoiform  horizontal  motion  frtnn 
which  water  is  flowing  through 
three  orifices.  At  A  the  direc- 
tion of  V  is  horizontal,  and  as 
the  vessel  is  moving  in  the  op- 
posite direction  witli  the  velocity 
H.  the  absolute  velocity  of  the  water  as  it  leaves  the  orifice  ie 
V  =  V  —  u.  It  is  also  plain,  if  the  orifice  is  in  front  of  the  vessel 
and  the  direction  of  V  h  horizontal,  that  the  absolute  velocity  of 
the  water  as  it  leaves  the  orifice  is  t  =  V  +  u. 

Again,  at  B  is  an  orifice  from  which  the  water  issues  vertically 
with  teapcct  to  the  vessel  with  the  relative  velocity  V.  while  at 
the  same  time  the  orifire  moves  horizontally  with  the  absolute 
velocity  w.  Fomiing  the  parallflogram,  the  absolute  velocity  v 
is  seen  to  be  the  resultant  of  tlie  velocities  ('  and  u,  or 


Lastly,  at  C  is  shown  an  orifice  in  the  front  of  the  vessel  so  ar- 
ranged that  the  direction  of  the  relative  velocity  V  malces  an 
angle  ^  with  the  horizontal.  From  C  draw  Cu  to  represent 
the  velocity  u,  and  CV  to  represent  V,  and  complete  the  paral- 
lelogram as  shown ;  then  Cv.  the  resultant  of  u  and  V,  is  the 
absolute  velocity  with  which  the  water  leaves  the  orifice.  From 
the  tnangle  Cua 

v  =  W'  +  ii*  +  2«Kcos*  (28) 

In  this,  if  ♦  =  o,  the  absolute  velocity  p  becomes  F  +  «,  a.i  before 
shown  for  an  orifice  in  the  front ;  if  ^  =  go°.  it  becomes  the  same 
a»  when  the  water  issues  vertically  from  the  orifice  in  the  base; 
and  if  ♦  =  iSo".  the  value  of  p  is  F  —  u  as  before  found  for  an 
orifice  in  the  rear  end. 

Another  case  is  that  of  a  revolving  vessel  having  an  opening 
from  which  the  water  issues  horizontally  with  the  relative  velocity 
V,  while  the  orifice  is  moving  horizontally  with  the  absolute 
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locity  M.     Fig.  28fi  shows  this  case,  ^  being  the  angle  which  V 
les  with  the  reverse  direction  of  «,  and  here  also 


<=  VP"'  +  k'  —  2uV  cos/9 

[the  absolute  velocity  of  the  water  as  it  leaves  the  vessel.  In 
]  cases  the  absolute  velocity  of  a  body  leaving  a  moving  surface 
is  the  diagonal  of  a  parallelogram,  one  side 
of  which  is  the  velocity  of  the  body  relative 
to  the  surface  and  the  other  side  is  the 
absolute  velocity  of  that  surface. 

When  a  vessel   moves  with  a  motion 
which    is    accelerated    or    retarded,    this 
affects  the  value  of  g,  and  the  reasoning 
of  the  preceding  articles  does  not  give  the 
l-rect  value  of  V.     For  instance,  when  a  vessel  moves  verti- 
|ly    upward    with  an  acceleration  /,  the  relative  velocity  of 
from  an  orifice  in  it  is  K  =  V3(g+/}A,  and  if  «  be  the 
:ity  of  the  vessel  at  any  instant,  the  absolute  downward 
locitv  of  flow  is   V  —  u.      Again,  when  it  moves  downward 
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vertical  axis,  and  it  will  be  shown  thai  here  Uie  water  surface 
b  that  of  a  paraboloid. 

Let  SC  be  the  vertical  axis  of  the  vessel,  A  the  depth  of  water 
in  it  when  at  rest,  and  A,  and  Aj  the  least  and  greatest  depthH  of 
water  in  it  when  in  motion.  Let  G  be  any  point  on  the  surface 
of  the  water  at  the  horizontal  distance  x 
from  the  axis,  and  let  y  be  the  vertical 
distance  of  G  above  the  lowest  point  C. 
The  bead  of  water  on  any  point  E  in  the 
bue  is  £C  or  Ai  +  y.  Now  this  head  y 
is  caused  by  the  velocity  »  with  which 
the  point  C  rc\-oIves  around  the  axiS,  or,  in  other  words,  the 
position  of  G  above  C  is  due  to  the  energy  of  rotation.  Thus  if 
K'  is  the  weight  of  a  particle  of  water  at  G,  the  potential  energy 
Wy  equal*  the  kinetic  energy  H'iiiV2^,  and  hence  y  =  ii'/2g. 

Let  n  be  the  number  of  revolutions  made  by  the  vessel  and 
water  in  one  second.    Then  n  =  3vx  ■  h.  and  hence 

which  is  the  equation  of  a  common  parabola  with  respect  to  rec- 
tangular axes  having  an  origin  at  its  vertex  C.  The  surface  of 
revolution  h  hence  a  paraboloid. 

Since  the  volume  of  a  paraboloid  ts  one-half  that  of  its  drcum- 
ibing  cylinder,  and  since  the  same  quantity  of  water  is  in  the 
I  when  in  motion  as  when  at  rest,  it  is  plain  that  in  the 
6gurG  \(ht  —  Aj)  equals  A  —  A,.  Consequently  A  —  A|  equals 
j^  —  A,  or  the  elevation  of  the  water  surface  at  P  abo\e  its  original 
levd  i»  equal  to  its  depression  at  C.  If  r  be  the  radius  of  the  vcs- 
«d,  Ihc  height  Ai  —  A,  is,  from  the  above  equation.  2  '^^n^r'/g.  and 
hence  the  distances  A  —  A,  and  A,  —  A  arc  each  equal  to  tr'«'r*/j. 
The  head  at  the  middle  of  the  base  of  the  vessel  during  the  motion 
is  ni)W  A,  ■=  A  —  w^V/g  and  the  head  at  any  point  £  is  A,  +  y  - 
A  +  (2«»  -  f»)w»«V«. 

The  theoretic  velocity  of  flow  from  the  small  orifice 
base  ta  that  due  to  the  head  A|  +  y,  or 
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which  is  less  than  Va^A  when  **  is  less  than  )  r^,  and  greater 
when  x*  is  greater  than  *  r'.  For  examiJlt,%  let  r  =  i  foot  and 
A  =  3  feet,  then  V  =  13.9  feel  per  second  when  the  vessel  is  at 
rest.  But  if  il  is  rotating  Ihree  times  per  second  around  its  axis 
with  uniform  speed,  the  velocity  from  an  orifice  in  the  center  o[  A 
the  base,  where  y  =  o,  is  3.9  feet  per  second,  while  the  velocity  ' 
from  an  orifice  at  the  circumference  of  the  base,  where  j:  =  i  footf 
is  19.1  feet  per  second.  At  this  speed  the  water  is  depressed  3.76 
feet  below  its  original  level  at  tlie  center  and  elevated  the  same 
amount  above  that  level  around  the  sides  of  the  vessel. 

In  the  case  of  a  closed  vessel  where  the  paraboloid  cannot  form, 
the  velocity  of  flow  from  all  orifices,  except  one  at  the  axis,  b 
increased  by  the  rotation.  Thus  In  Fig.  296,  If 
the  vessel  is  at  rest  and  the  head  on  the  base  is  A, 
the  velocity  of  flow  from  all  small  orifices  tn  the 
biise  is  V^gA.  But  if  the  vessel  is  revolved  about 
the  vertical  axis  BC,  so  that  an  orifice  at  E  has  the ; 
velocity  u  around  that  axis,  then  the  pressure-head  at  £  is^ 
A  +  u'/ig,  and  accordingly 

K=  VsgA  +  M*  (29); 

is  the  theoretic  velocity  of  flow  from  an  orifice  at  B.    Tliis  formula 
is  an  important  one  in  the  discussion  of  hydraulic  motors,     flcre, , 
as  before,  the  value  of  u  may  be  expressed  as  airjrii,  when  x  isj 
the  distance  of  E  from  the  axis  and  «  is  the  number  of  revolutions^ 
I>cr  second.    As  an  example,  let  a  closed  vessel  full  of  water  be 
revolved  about  an  axis  120  times  per  minute,  and  let  it  be  re- 
quired to  find  the  theoretic  velocity  of  flow  from  an  orifice  ik^ 
feet  from  the  axis,  the  head  on  which  is  4  feet  when  the  vessel  is  at 
rest.    The  velocity  u  is  found  to  be  18.85  f'^^  P^""  second,  and - 
then  the  theoretic  velocity  of  flow  from  the  orifice  is  34.8  feet  per  J 
second,  whereas  it  is  only  16  feet  per  second  when  the  vessel 
is  at  rest. 

Tlie  velocity  V  in  both  these  cases  is  a  relative  velocity,  for  the 
pressure  at  the  moving  orifice   produces  a  velocity  with  respect  to] 
the  vessel.     The  absolute   velocity,  or   that   with   respect  to   thej 
earth,  is  greater  than  the  relative   velocity  when  the  stream  issucsj 
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from  an  orifice  in  the  base,  for  Ihc  orifice  moves  horizontally  with 
the  absolute  vdocily  u  ami  the  stream  inove»  downward  with  the 
relative  velocity  V,  and  hence  the  absolute  velocity  of  the  stream 
is  v'F'  +  h*.  When  ihe  stream  Ltsues  from  an  orifice  in  the  side 
of  the  ^-cssel  uiKin  which  the  head  is  A,  formula  (29)  gives  its  rela- 
tive vdocity,  and  then  the  absolute  velocity  is  found  by  (28). 

Prob.  29.  A  cylindrical  vessei  a  feel  in  diameter  and  3  feet  deep  is  three- 
lourthjt  full  of  water,  and  is  re\'oIvcd  atwut  its  vertical  axis  so  thai  tli<^  water 
iB-just  Of)  the  point  of  overlluwiog  around  the  upper  edge.  Find  ihr  mimticr 
of  tevalutioRS  per  minute.  Find  ihc  relative  velocity  of  flovf  from  an  orifice 
in  the  btac  at  a  dbiancc  of  0.75  foot  from  tlte  a:tis.  Show  that  tlie  velocity 
frwa  all  orifices  within  0,707  foot  of  Uic  axis  is  less  than  tf  the  vessel  were 
al  roL 

Art.  30.    Theoretic  Discharge 

The  term  "discharge  "  means  the  volume  of  water  flowing 
in  one  second  from  a  pipe  or  orifice,  and  the  letter  Q  will  designate 
the  theoretic  discharge ;  that  is,  the  discharge  as  computed  with- 
out considering  the  losses  due  to  frictional  rcsistanccrs.  When 
all  the  filaments  of  water  issue  from  the  pipe  or  orifice  with  the 
same  velocity,  the  quantity  of  water  issuing  in  one  second  is 
equal  to  the  volume  of  a  prism  having  a  base  equid  to  the  cross- 
section  of  the  stream  and  a  length  equal  to  the  velocity.  If 
this  area  is  a  and  the  theoretic  velocity  is  V,  then  ^  =  aV  is 
the  theoretic  discharge.  Taking  a  in  square  feet  and  V  in  feet 
per  second,  the  discharge  0  is  in  cubic  feet  per  second. 

For  a  small  orifice  on  which  the  head  h  has  the  same  value 
for  all  parts  of  the  opening,  the  theoretic  discharge  b 
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<30) 

in  Eoglish  measures  Q  ^  8.02a  VI.  For  example,  let  a 
cubr  orifice  3  inches  in  diameter  be  under  a  head  of  10.5  feet, 
and  let  it  be  required  to  compute  Q.  Here  3  inches  =  0.25  foot 
and  from  Table  F  the  area  of  tlie  circle  is  0.04909  square  foot. 
From  Art.  22  the  theoretic  velocity  K  is  8.02  X  Vio,5  c  25.99 
feet  per  second.  Accordingly  the  theoretic  discharge  is  0.04909 
X  25.99  -  1.28  cubic  feet  per  second. 
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The  above  formula  for  Q  applies  striclly  only  to  horizonta] 
orifices  upun  which  the  head  h  is  constunt,  but  it  will  be  seen 
later  that  its  error  for  vertical  orifices  is  less  than  one-half  of  one 
percent  when  h  is  greater  than  double  the  depth  of  the  orificeJ 
Horizontal  orifices  are  but  little  used,  as  it  is  more  convenient 
in  practice  to  arrange  an  ojwning  in  the  side  of  a  vessel  than  in 
its  base    In  applying  the  above  formula  lo  a  vertical  orifice,  h  tsj 
taken  as  the  vcrticiil  distance  from  its  center  lo  (he  free-water] 
surface.     Vertical  orifices  where  the  head  k  is  small  arc  discussed] 
in  Arts.  47  and  48. 

Since  the  theoretic  velocity  is  always  greater  than  the  acti 
velocity,  the  theoretic  discharge  is  a  limit  which  can  never 
reached  under  actual  conditions.    Theoretically  the  discharge 
is  independent  of  the  shape  of  the  orifice,  so  that  a  square  orific 
of  area  a  gives  the  same  theoretic  discharge  as  a  circular  orifice 
of  area  a  ;  it  will  he  seen  in  Chap.  5  that  this  is  not  quite  true  fot^ 
the  actual  discharge. 

In  this  chapter  it  is  supposed  that  the  vdocity  of  a  jet  is 
same  in  all  parts  of  the  cross-section,  as  this  would  be  the  case  , 
k  has  the  same  value  throughout  the  section  were  it  not  for  th< 
retarding  influence  of  friction.     Actually,  however,  the  filament 
of  water  near  the  edges  of  the  orifice  mo\'c  slower  than  thosi 
near  the  center.    If  q  be  the  actual  discharge  from  any  orifice  and 

V  the  mean  velocity  in  the  area  a,  then  q  =  av.  or  the  eqttalioti 

V  =  qfa  may  be  regarded  as  a  definition  of  the  term  "raeao 
velocity."    The  theoretic  mean  velocity  is  '<^2gh.  but  the  act 
mean  velocity  is  slightly  smiiller,  as  wDl  be  seen  in  Chap.  S.    ' 

Formula  (.30)  may  be  used  for  computing  h  when  Q  and 
arc  given,  and  it  shows  that  the  theoretic  head  required  to  de-j 
liver  a  given  discharge  varies  inversely  as  the  square  of  the  area  I 
of  the  orifice. 

Prot),  .Vln.  Compute  the  theoretic  bead  required  to  deliver  300 
Kallnns  i>[  wnicr  per  minute  throui^  an  oril'icc  3  inthts  in  dimneter. 

Prob.  30A.  A  vetsel  one  loot  square  has  a  small  oriKce  in  ihv  hue. 
What  is  the  thmiwlif  i-clocity  of  flow  frtim  thi*  orifice  when  the  veuel  coo- 
tains  us  pounds  of  racrcary  ?    Also  when  it  coQiaius  ijo  pounds  of  watar? 
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Akt.  31.    Steady  Flow  in  Smooth  Pipes 

When  water  flows  through  a  pipe  of  varying  cross-section 
an  sections  are  filled  with  water,  the  same  quantity  of  water 
passes  each  section  bi  one  second.  This  is  callcfl  the  case  of  steady 
flow.  Let  q  be  this  quantity  of  water  and  let  ^■i.  vt.  t^i  be  the  mean 
vdoatics  in  three  sections  whose  areas  are  di,  a,,  Oi.     Then 

J  =  aid  =  a,Pt  =  a»pj  (31)i 

This  is  called  the  condition  for  steady  flow  or  the  equation  of 
canlinuily,  and  it  shows  that  the  velocities  at  different  sections 
var>-  inversely  as  the  areas  of  those  sections.  If  v  be  the  velocity 
at  the  end  of  the  pipe  where  Ihc  area  is  a,  then  also  q  =•  av. 
When  the  discharge  q  and  the  areas  of  the  cross-sections  have 
been  measured,  the  mtan  velocities  may  be  computed. 

When  a  pipe  is  filled  with  water  at  rest,  the  pressure  at  any 
point  depends  only  upon  the  head  of  water  above  that  point. 
But  when  the  water  is  in  motion,  it  is  a  fact  of  observation  thai 
the  pressure  becomes  less  than  that  due  to  the  head.  The  unit- 
pressure  in  any  ca.se  may  be  measured  by  the  liei^ht  of  a  colunui 
of  water.  Thus  if  water  be 
at  rest  in  the  case  shown  in 
Fig.  3l«,  and  small  iuboi  be 
inscrled  at  the  sections  whose 
areas  arc  d]  and  aj,  the  water 
will  rise  io  each  tube  to  the 
name  Icvd  as  thatof  tlie  water 
surface  in  the  reservoir,  and 
the  pressures  in  the  sections 
iriti  be  those  due  to  the  hydrostatic  heads  Bi  and  lit.  But  if 
the  valve  at  the  right  be  c^ned,  the  water  levels  in  the  small 
lubes  will  sink  and  the  mean  pressures  in  the  two  sections  will  be 
those  due  to  the  pressure-heads  A,  and  Aj. 

Let  W  be  the  weight  of  water  flowing  in  each  second  through 
each  section  of  the  pipe,  and  let  «i  and  n  be  the  mean  velocity 
in  the  section  (Ji  and  tia.  Ifhen  this  water  was  at  rest,  the  poten- 
tial energy  of  pressure  in  the  section  <)i  was  WHi ;  when  it  is  m 
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motion,  the  energy  in  the  section  is  the  pressure  energy  If'Ai  plus 
the  kinetic  energy  H'  ■  rr,'  2g.  If  no  losses  of  energj-  due  to  fric- 
tion or  impact  have  occurred,  the  energy  in  the  two  cases  must  be 
equal.    Tlie  same  reasoning  applies  to  the  section  aj.  and  hence 


n,  =  A,  + 


3g 


and 


II.  =  ht  +  ^ 


(3I)i 


These  equations  exhibit  the  law  of  steady  flow  first  deduced  by 
Daniel   Bcmouilli   in  1738,  and   hence  often  called  Bcrnouilli'! 
theorem ;  it  niay  be  stated  in  words  as  follows : 

At  any  section  of  a  tube  or  pipe,  under  steady  flow  without 
friction,  the  pressure-head  plus  the  velocity-hr.ul  {»  equal  to 
the  hydrostatic  head  that  obtains  when  there  is  no  flow. 

Tliis  theorem  of  theoretical  hydraulics  is  of  great  importance  id 
practice,  although  it  has  been  deduced  for  mean  velocities  and 
mean  pressure-heads,  while  actually  the  velocity  and  the  pressure 
are  not  the  same  for  all  points  of  the  cross-section. 

The  pressure-head  at  any  section  hence  decreases  when  thn 
velocity  of  the  water  increases.  To  illustrate,  let  the  depths 
of  the  centers  of  a^  and  tij  be  6  and  8  feet  below  the  water  level, 
and  let  their  areas  be  1.2  and  2.4  square  feet.  Let  the  discharge 
of  the  pipe  be  14.4  cubic  feet  per  second.  Then  from  01)i  the 
mean  velocity  in  di  is  fi  =  14.4/1.1  =  la  feet  per  second,  which 
corresponds  to  a  velocity  head  of  0.01555!!'  =  2.24  feet,  and 
consequently  from  (31  )i  the  pressure-head  in  «[  is  6.0  —  3,14  = 
5.76  feet.  For  the  section  a.  the  velocity  is  6  feet  per  second  and 
the  velocity  head  is  0,56  feet,  so  that  the  pressure-head  there  i: 
S.o  —  0.56  =  7.44  feet. 

The  theorem  of  f3I)t  may  be  also  applied  to  the  jet  issuing 
from  the  end  of  the  pipe.  Outside  the  pipe  there  can  he  no  pres- 
sure, and  if  h  be  the  hydrostatic  head  and  V  the  velocity,  thi 
equation  gives  A  =  V^'^g.  or  1'  s=  "sf^&li;  that  is,  if  frtctional 
resistanci-s  be  not  considered,  the  theoretic  velocity  of  flow  from 
the  end  of  a  pipe  is  that  due  to  the  hydrostatic  head  uiion  it.  la 
Chap.  8  it  will  be  seen  Ihiit  the  actual  velocity  is  much  smaller 
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Uun  this,  for  a  Ur^e  part  of  the  head  b  i&  expended  in  over-  j 
coming  fricUon  in  the  pipe. 

A  negative  pressure  may  occur  if  the  velocity-head  becomes 
greater  than  the  hydrostatic  head,  for  (31)j  shows  that  hj  is 
negative  when  ti'/zg  exceeds  ^^.  A  case  of  this  kind  is  given 
in  Fig.  316,  where  the  section  at  A  h  so  small  that  the  vdodty 
is  greater  than  thai  due  to  Ihc  head  /7,, 
so  that  if  a  tube  be  inserted  at  /I,  no  water 
runs  out ;  but  if  the  lube  be  carried  down- 
ward into  a  vessel  of  water,  there  will  be 
lifted  a  column  CD  whose  hi-ight  is  that 
of  the  negative  pressure-head  hi.  For  ex- 
ample, Jet  the  cross-section  of  -4  be  0.4 
square  feet,  and  its  he.id  //i  be  4.1  feet,  while  &  cubic  feet 
per  second  are  discharged  from  the  orifice  below.  Then  the 
velodty  at  .4  is  20  feet  per  second,  and  the  corresponding  ve- 
lodty-head  is  6.22  feet.  The  pressure  head  at  A  then  is,  fronij 
the  theorem  of  formula  (31)i, 

Ai  =  4.1  —  6.2a  =  —  2.12  feet 

and  accordingly  there  exists  at  A  an  inw;ird  pressure 

^i  =■  —  2.1  a  X  04J4  =  -  0.92  pounds  per  square  inch 

This  negative  pressure  will  sustain  a  column  of  water  CD  who.'ie 
height  is  2.12  feet.  When  the  small  vessel  is  placed  so  that  its 
water  Ic%'el  is  less  Uian  2.12  feet  below  A.  water  will  be  constantly 
drawn  from  the  smaller  to  the  larger  vessel.  This  is  the  principle 
of  the  action  of  the  injector- pump, 

Vmb.  31.  In  a  horizontal  tube  there  are  two  Kctions  of  diameters  1.0 
and  i-s  fret.  Tbc  velocity  in  the  (ml  section  is  6.31  (««t  per  second,  and 
ihr  presaun-bcad  i*  it. 57  feet.  Find  the  prcssurc-hcAd  for  Ihc  MCODd  sec- 
tim  U  DO  energy  i§  loot  bctwecu  the  sections. 


Art.  32.    Emptyinc  a  Vessel 

Let  the  depth  of  water  in  a  vessel  be  fl ;  it  is  required  to  de- 
termine the  theoretic  lime  of  emptying  it  through  an  orifice  in 
the  base  whose  area  is  a.    Let  ¥  be  the  area  of  the  water  surface 
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|en  the  depth  of  water  is  y;  kt  Bt  be  the  time  during  which 

water  Icvc!  falls  the  distance  5^.     During  this  time  the  quan- 

I-  of  water   Y  ■  Sy  passes  through  the  orifice.     But   the  dis- 

Irge  in  one  second  under  the  constant  bead  y  is  o  V^fy,  and 

pee  the  discharge  in  the  time  Bt  is  aBt^^/^gy.     Equating  these 

two  expressions,  there  is  found  the  general  formula 

which  gives  the  time  for  the  waler  surface  to  drop 

the  distance  Sy,  i/j: 

St  =    ^7^ 

aVigy 


II 


(32), 


pig.  ■  0.  -j-^g  Urae  of  emptying  any  vessel  is  now  deter- 
icd  by  inserting  for  Y  its  value  in  terms  of  y,  and  then  in- 
Iraling  between  the  limits  U  and  o. 

For  a  cyiindcr  or  prism  the  cross-section  F  has  the  constant 
(lie  A,  and  the  formula  becomes 

integration  of  which,  bctweea  limits  H  and  /;.  gives 
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'flic  nosl  important  application  of  these  principles  is.  'n  the 
case  of  thv  right  pri&m  or  cylinder,  and  here  ihe  formula  for  tbe 
time  is  muditicd  in  practice  by  introducing  a  coefficient,  as  may 
be  seen  in  Art- 58.  The  theoretic  time  found  by  ihe  above  for- 
mula is  always  too  small,  since  friciional  resistances  have  not  been 
considered.  Moreover,  the  formula  does  not  strictly  apply  when 
the  head  is  very  small,  owing  to  a  whirling  motion  that  occurs  and 
which  tends  to  increase  the  theoretic  time. 

Venluri,  in  i7<jS,  first  dwcrilwd  the  phenomena  of  this  whirl.' 
When  iIk-  bead  becomes  less  than  about  three  diameters  of  the  oriiicc, 
the  water  a  observed  in  whirling  motion,  the  velocity  ]mng  greatest 
near  the  vrrtical  axis  through  the  center  of  the  orifice,  and  as  the  head 
decreases  a  funnel  is  formed  through  the  middle  of  the  i.>i!iuing  stream. 
Tht  direction  of  this  wb'rl,  as  seen  from  above,  may  be  either  dock- 
wise  or  contraclockwise,  depending  on  initial  niotion-i  in  the  water 
or  on  invijtularitic^  in  the  vossci  or  orifice,  but  under  ideal  con<Jilions 
it  should  be  clockwise  in  the  southern  hemisphere  of  the  earth  and  con- 
traclockwise in  tlie  northern  hemisphere,  this  l)eing  the  effect  of 
the  earths  rotation.  Kig.  326  repre- 
sents a  \'entcal  section  ol  this  funnel, 
on  whkh  .-I  b  any  point  having  the 
coordinates  x  and  y  with  resjiect  to 
tSc  rtctsuiKuIar  axes  OX  and  01'.  The 
axis  01'  is  drawn  through  the  center  of 
the  orifice,  and  OX  is  tangent  to  the 
\evei  water  surface  at  a  distance  U 
above  the  bottom  of  the  vessel.  Let  r 
be  the  radius  ol  the  funnel  in  the  plane  of  the  orificv.  It  is  required 
to  find  the  relation  between  x,  y,  H,  and  r,  or  the  equation  of  the 
curve  xhuwn  in  the  ligure. 

An  a{)proximate  solution  may  be  made  by  supposing  that  the  par- 
tklc  of  water  at  A  is  moving  nearly  horizontally  around  the  axis 
or  with  the  %-elocity  p;  this  velocity  must  be  due  to  the  head  y, 
whence  t*  -  jgy.  This  particle  is  acted  upon  by  the  downward  force 
AB,  due  to  gravity,  and  by  the  hori«)iital  force  AC,  due  to  centrif- 
ugal action,  and  they  are  proportional  to  g  and  v*/x,  these  being  the 


Fig.S2». 


*  TtedsDM'i  Tract!  on  nydraulkx  (Londoa.  1709  and  t8>6<  ^ivtt  a 
iTwwUikm  ol  the  memoir  of  Vtaturi. 
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accelerations  due  to  gravity  and  ccntrirugal  force.  The  raiio  AC/AB 
is  the  laiiKi^'it  of  the  angle  6  which  the  water  surface  at  A  makes  with 
the  axis  OX,  lor  this  surface  must  be  riorm.il  to  the  reaullani  ADoi  the 
two  force*  .-IB  and  AC.  When  the  ordinate  y  is  increased  to  y  +  By, 
the  abscissa  x  is  decreased  to  x—hx,  and  hence  the  value  of  tan** 
must  be  the  same  as  ~ly/hx.    Accordingly 


tenf: 


gx        X 


ix 


and  the  integration  of  this  diiTercntial  equation  gives  y  =  Cf3?,  in 
which  C  Ls  the  constant  of  integration.  When  y  equals  H,  the  value 
of  jc  is  r,  and  hence  C  =  Bt*,  and  thus 


J 


y  =  Br*/*' 


(32), 


is  the  equation  of  the  curve,  which  may  be  called  a  quadratic  hyper- 
bola, the  surface  of  the  funnel  being  then  a  quadratic  hyperbotoid. 
This  equation  represents  the  curve  at  one  instant  only,  lor  H  contin- 
ually decreases  as  the  water  flows  out,  since  the  direction  of  v  is  not 
quite  horizontal  as  the  investigation  assumes.  The  general  phenom- 
ena arc,  however,  well  explained  by  this  discussion. 

Pnib.  32.  A  prismatic  vessel  has  a  erorascclion  of  i8  square  foct  and 
an  orifice  in  its  base  has  an  area  of  o.iS  square  foot.  Find  the  theoretic 
time  (or  the  water  level  to  drop  7  feel,  when  the  head  upon  the  ocificc  at  the 
beginning  is  16  feet. 


Art.  33.     Computations  is  Metric  Measures 

(.Art.  22)  U^^ing  for  the  acceleration  of  the  ntean  value  9.80 
meters  per  second  per  second,  formulas  (22)i  become 

V  =  4.427  Vh       ft  =  0.05102  P  (33) 

in  which  ft  is  in  meters  and  V  in  meters  per  second.  Table  33  shows 
values  of  the  velocity  for  given  heads,  and  values  of  the  velocity-bead 
for  given  velocities. 

(Art.  23)  For  Fig,  23  let  the  reservoir  be  one  meter  in  dixmeter, 
the  load  If  be  jooo  kilograms,  and  the  orifices  be  j,  meters  below  the 
piston.  Let  the  exterior  head  on  vj  be  1.5  meters,  the  orifice  B  be 
open  to  the  atmosphere,  and  the  orifice  C  be  in  air  whose  pressure  is 
«.7  kilograms  per  square  centimeter.    The  area  of  the  piston  is  0.7854 


I 
I 
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Table  33.    VEiociTies  and  VEWJcrrv-HEAOS 


r-^/^-«4•TV7 

l~l^/i(~aoji«  ri 

tbadki 
IbMn 

vasckr 

taHtUn 

pwSMad 

BtwliD 
MM*n 

V«lodir 

to  Mctcn 

V«OCllf 

ia 

Mctin 

P«r 

SMMd 

Hod  Id 

vhmiv 

tn 
UiUr 

SMuad 

MftMl 

».* 

0.6 

«7 
a.8 
&!) 
■  o 

1.980 
»-4JS 
»-T99 
J,  13' 
H19 

3960 
4  100 

X 

1 
i 

3 
6 

7 
S 

to 

♦4*7 

n,i6} 
7,66a 

9.900 
ia.&4 
11.71 
ti.S» 
ij,»8 
14,00 

0.1 
OJ 

»3 

0-4 

OS 

06 
0.7 
0.8 
0.9 
1,0 

0-090$ 
O.OOM 
0.0046 
o.ooSt 
0.01  »3 
O.oift4 
0,0150 
O.OJI; 
OO4IJ 
0.0;  10 

I 
* 

4 
5 

6 

7 
S 

9 
10 

0,0510 
0^1041 

04S9i 

1.176 
l-*J7 
J.S90 

4'33 

S-'Ol 

square  meters,  aiui  the  head  corre:i{>on<)iiig  to  the  pressure  on  the  upper 
water  sufftcc  is 

.  =  ^  =  ^ ????_ 


Ao  =  ^  = 


10      &7!i54  X  1000 


=  J.S46  meters. 


The  bead  Ai  b  3  meters  for  the  first  orifice,  o  (or  the  second,  and  — 10 
(1.033—017)=  -  3.^5  meters  for  the  third.  The  three  thn>rctic 
velocities  of  outflow  then  are 


V  —  4.437  V3  +  3^S46  — Tj    =    8.91  meters  per  second, 

V  =  4-4»7  Vs  +  1.546  —  o      =  10.43  meters  per  second, 
^-4.417^^+   -546  +  i-33  =  13- "9  meters  per  second. 

If  in  thi-H  example  the  li<iiii(l  fie  alcohol  which  weigh*  .Soo  kilograms  perl 

cubic  meter,  the  head  of  ulcohol  corresponding  to  the  pressure  of  thej 

pbton  ia 

A,=» !™? =  3.i8t  metera, 

0.7854X800     ^     ■* 

and    accordingly  for  diichargc   into   ihe  atmcApherc   at   the  deptll 
*i  =  3  meters  the  velocity  is 


V  =  4.417  V3  +  3. 18  =  I  i.oi  meters  per  second, 
while  for  water  the  velocity  was  10.43  meters  per  second. 
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(Art.  26)     As  an  illusUiition  nC  (26),  let  water  issue  from  a  [ 

6  ccntimftt-rs  in  diameter  with  a  velocity  of  4  meters  per  second.    The 

crofH-section  i»  found  from  Table  F  to  be  0.002817  square  meters, 

and  then  the  iht-oretic  work  in  kilogram-melers  per  second  is 

A'  =  0.05103  X  1000  X  0.002827  X  4'  =  g.aj 

which  is  0,113  metric  horsc-power.      If   the  velocity  is  16  meters 
per  second,  the  stream  will  fumliib  7.87  borae-powers. 

(Art.  30)  The  area  a  is  in  square  meters,  the  velocity  V  in  meters 
per  second,  and  the  diacharf(c  Q  in  cubic  meters  per  second.  Thus 
if  u  pi]>e  20  cenlimelert  in  diameter  discharges  0.15  cubic  meters  per 
second,  the  area  of  the  cross-section  is  0.03142  square  meters  and  the 
mean  velocity  is  0.15/0.03142=4.77  meters  per  second. 

(Art.  31)  In  Fig.  31a,  suppose  the  sections  a,  and  Oj  to  be  0.06 
and  0.12  squiire  meters,  and  tlie  depths  of  thdr  centers  below  the 
water  level  of  the  reservoir  to  be  4.5  and  5.5  meters.  Let  0.34  cubic 
meters  per  second  be  discharged  from  the  pipe,  then  from  (31)i 
the  mean  velocities  in  a,  and  Oj  are  4.0  and  1.0  meten  per  secood. 
The  velocity -head  3  are  then  0.82  meters  for  oj  and  o.ao  meters  for  at, 
so  that  during  the  flow  the  pressure-head  at  A  is  4.5  —  0.53=3,08 
meters  and  that  at  B  is  5.5  —  0.30  =  5.30  meters.  ■ 

Prob.  33u.    What  ihtorclk  velocities  are  produced  by  heads  of  o.i, 
o.oi,  nnd  o.ooi  meter?    What  is  ihc  velocity-head  of  a  jet,  7.5  eentimeten  _ 
in  diameter,  which  discharges  500  liters  per  second  ?  I 

Prob.  'Sih.  A  prismatic  vessel  has  a  cross-seclioii  of  1.5  square  mctera 
and  an  oriltcc  in  its  base  has  an  area  of  i;o  square  ccniimelcrs.  Compute 
the  theoretic  lime  for  the  water  level  lo  drop  j  meters  when  the  head  at  the 
beginning  is  4  mclrrs. 

Prob.  33c  A  small  turbine  wheel  using  3  cubic  meters  of  water  per 
minute  under  a  head  of  10)  meters  is  found  to  deliver  5.1  metric  hoTMs 
powers.     Compute  the  efficiency  of  the  wheel. 

I'rob,  m<f.  In  an  inclined  tube  there  are  two  seeitons  of  <Iiameler!i  10 
and  30  centimeters,  the  second  section  being  1.536  meters  higher  than  tho 
first.  The  velocity  in  the  first  section  is  6  meters  per  second  and  the  pres- 
sure-head is  7.04s  meters,     l-ind  the  pressuie-hcad  (or  the  second  sectioa 
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CHAPTER  4 

INSTRUMENTS   AND   OBSERVATIONS 

Art.  34.    General  Considekations 

Some  of  the  most  important  practical  problems  of  Hydraulics 
are  those  involving  the  measurement  of  the  amount  of  water  dis- 
charged in  one  setond  from  an  orifice,  pipe,  or  conduit  under  given 
conditions.  'ITie  theoretic  formulas  of  the  last  chapter  furnish 
the  baas  of  mcsl  of  these  methods,  and  in  the  chapters  following 
this  one  arc  given  coefficients  derived  from  experience  which 
enable  those  formulas  to  be  applied  to  practical  conditions, 
lliese  coefficients  have  been  determined  by  measuring  heads, 
prcssufL-s,  or  velocities  with  certain  instruments,  and  also  the 
amount  of  water  actually  discharged,  ,ind  then  comparing  the 
theoretic  results  with  the  actual  ones.  It  is  the  main  object  of 
this  chapter  to  describe  the  instruments  used  for  this  purpose,  and 
a  few  remarks  concerning  advantageous  methods  for  the  discus- 
sion of  the  obAer%-ation3  will  also  be  made. 

The  engineer's  steel  tape,  level,  and  transit  are  indispensable 
tools  in  many  practical  hydraulic  problems.  For  example,  two 
reservoirs  M  and  .V,  connected  by  a  piiw  line,  may  be  several 
miles  ^Mrt.  To  ascertain  the  difference  in  elevation  of  their 
water  surfaces  lines  of  levels  may 
be  nin  and  bench  marks  established 
near  each  reservoir,  as  also  al  other 
points  along  the  pipe  line.  From 
the  bench  marics  at  the  reservoirs 
tlicre  can  be  set  up  simple  board 
fages,  so  that  simultaneous  read- 
ing can  be  taken  at  any  time  to  find  the  difference  in  eleva- 
tion. From  the  bench  marks  along  the  pipe  line  a  profile  of  the 
same  can  be  plotted  for  use  in  the  discusdon.    With  the  transit 
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and  tape  the  alignment  of  the  pipe  line  an(i  tlic  lengths  of 
curves  and  langents  can  abo  be  taken  and  mapped.  All  of 
these  records,  in  fact,  are  necessary  in  order  to  determine  the 
amount  of  water  delivered  through  the  pipe. 

For  worlc  on  a  smaller  scale,  like  that  of  the  discharge  from 
an  orifice  in  a  tank,  the  steel  tape  may  be  used  to  mark  points 
from  which  a  glass  gage  tube  may  be  set  and 
upon  which  the  height  of  the  water  surface 
above  the  orifice  can  be  read  at  any  time  during 
the  experiment.     Another  method  is  to  have  a 

float  on  the  water  surface,  the  vertical  motion 

*]^^-^^^  of  which  is  communicated  to  a  cord  passing  over 
a  pulley,  so  that  readings  can  be  taken  on  a  scale 
as  the  weight  at  the  lower  end  of  the  cord 
moves  up  or  down.  When  the  head  is  very  small,  however, 
these  methods  are  not  sufficiently  precise,  and  the  hook  gage 
described  in  Art.  35  must  be  used. 

It  is  often  desirable  for  many  purposes  to  keep  a  continuous 
record  of  the  level  of  a  water  surface.    This  can  be  accom- 


Fig.  34J. 


plished  by  the  use  of  an  automatic  re- 
cording gage  such  as  that  shown  in 
Fig.  34f.  This  apparatus,  as  made  by 
Frciz,  consists  essentially  of  a  float  con- 
nected to  a  flat  perforated  copper  band 
which  passes  over  a  sprocket  wheel  and 
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which  carries  at  its  olht-r  end  n  counterweight.  The  sprocket 
wheel  is  directly  connected  to  a  drum  the  circumference  of  which 
is  exactly  one  foot  and  on  which  a  sheet  of  ruled  paper  can  be 
clamped.  A  clockwork  moves  a  pen  at  a  constant  and  uniform 
rate  in  a  direction  parallel  to  the  axis  of  the  cjOinder,  and  if  the 
tatter  remains  sLilionary,  the  pen  will  draw  a  straight  Une  on 
the  paper.  If,  however,  the  cylinder  is  caused  to  rc\'olve  by  the 
rising  or  falling  of  the  float,  the  pen  will  draw  a  curve,  and  each 
revolution  of  the  cylinder  will  represent  a  change  of  one  foot  in 
the  water  le\'el.  Kach  sheet  or  chart,  depending  on  the  gear 
of  the  dock,  will  give  a  record  either  24  hours  or  7  days  long 
before  a  new  chart  must  be  put  on  by  an  attendant.  By  the 
interposition  of  suitable  gears  between  the  sprocket  wheel  and 
the  cylinder  the  ratio  of  the  number  of  re%'olutJons  between 
the  sprocket  and  the  drum  can  be  fixed  at  any  <iesired  n\miber. 
With  all  forms  of  apparatus  of  this  kind  it  is  desirable  that  the 
float  should  be  of  large  horizontal  diameter  in  order  that  its  lift- 
ing power  may  be  sufficient  to  overcome  the  friction  in  the  bear- 
ings of  the  machine  and  so  cause  it  to  easily  and  quickly 
re^jond  to  small  fluctuations  in  the  water  surface. 

The  Bristol  recording  water  level  gage  operate*  on  the  principle 
of  the  aneroid  barometer.  A  bronze  c>'lindrical  box  encloses  air.  the 
prewure  of  which  h  communicateil  through  a  flexible  tube  to  the  re- 
cording apparatus  whenever  that  pressure  exceeds  the  exterior  atmos- 
pheric presaurc.  When  thi.*  box  is  placed  under  water,  the  head  of 
water  acts  on  a  diaphragm  and  increases  the  air  pressure  an  amount 
pru[>orltonal  to  the  head  on  the  diaphragm.  In  the  recording  ap- 
paratus is  a  pen  which  draws  a  curve  on  a  i^hret  of  paper  mo\'ed  by 
clockwork  an<l  thus  give^  a  conlinuow>  record  of  the  water  level. 
This  apparatus  has  been  used  for  recording  the  heights  of  tides  and 
of  water  IcveU  in  reservoirs.  Of  course  the  adjustment  of  the 
instrumenl  must  be  made  by  experiment,  its  record  being  com|)ared 
by  ooe  made  by  direct  methods.  The  closest  reliable  reading  of 
a  gage  of  this  kind  appears  to  be  about  one-eighth  of  an  inch- 

A  small  quantity  of  water  flowing  from  an  orifice  may  be 
measured  by  allowing  it  to  run  into  a  barrel  set  upon  a  platform 
weighing  scale.    The  weight  of  water  discharged  in  a  given  time 
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is  thus  ascertained,  the  time  being  notcti  by  a  sto]>-watch,  an 
the  volume  is  then  conipuled  by  the  help  of  Table  3.  If  the  flow 
is  uniform,  the  discharge  in  one  second  is  then  found  by  di\'iding 
the  volume  by  the  number  of  seconds.  A  larger  quantity  of  M 
water  may  he  measured  in  a  rectangular  lank,  the  cross-section 
of  which  is  accurately  known ;  here  the  water  surface  is  noled  at 
the  bcginninR  and  end  of  the  experiment,  and  the  volume  is  then 
computed  by  multiplying  the  area  by  the  differences  of  the  two 
elevations.  For  e.\amiile,  a  square  lank  was  4  feel  2  inches  in- 
side dimensions,  and  the  gage  read  3.17  feet  at  the  beginning  and 
4.62  feet  at  the  end  of  the  cxjieriment.  which  lasted  304  sec- 
onds; then  the  flow,  if  unifonn,  was  0.0828  cubic  feet  per  second. 

Larper  quantities  of  water  still  are  somelimw  measured  in 
the  reservoir  of  a  city  supply.  The  engineer,  by  the  use  of  his 
level,  transit,  and  tape,  makes  a  precise  contour  map  of  the 
reservoir,  determines  with  the  planimctcr  the  area  enclosed  by 

each  contour  curve,  and  com- 
putes the  volume  included 
between  successive  contour 
planes.  For  instance,  if  the 
area  of  the  contour  curve  AB 
is  84  320  square  feet  and  that 
of  CD  is  79  624  square  feet  and 
the  vertical  distance  between 
the  contour  ]^ancs  is  s  fc^< 
the  volume  inchided  is  405  860 
_  cubic    feet  by   the  method  of     1 

mean  areas.    A  more  precise  determination,  however,  may  be  ■ 
ma<lc  by  measuring  the  area  of  a  contour  curve  halfwaj-  Iietween 
AB  and  AC;  if  this  is  found  to  be 82  150  square  feet,  llic  volume 
included  between  AB  and  AC  is  computed  by  the  prismoidal 
formula  and  found  to  be  4 10  4,^0  cubic  feet. 

These  direct  methods  of  water  measurement  form  the  basis  of 
all  hydraulic  practice.  In  this  manntrr  watrr  mclere  are  rated,  and 
thccocfficienLs  determined  by  which  practical  formulas  for  flow  through 
orifices,  weir?.,  and  pipes  arc  established.  These  coefUdents  beinf 
known,  indirect  methods  may  be  used  for  water  measurement;  aamdy, 
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'  (Itschai^e  can  be  computed  from  the  formulas  after  area  aod  heads 
have  bcrn  •wcertai'ned.  There  »re  iiiiM>  nu-thods  of  indirect  mcasurc- 
mcDt  from  observed  velocities  which  will  be  described  later,  and  which 
are  e»p«da]ly  valuable  in  lin<Ung  Ihc  discharge  of  conduits  and  xtreiims. 

l*rob.  34.  Water  tlovn  from  an  orilicr  uniformly  fgr  69.3  seconds  and  falls 
into  a  barrel  on  a  pbtform  w«^ixhing  scale.  The  weight  of  the  empty  barrel 
i»  17  poumLt  anil  that  of  tlie  barrel  ami  w;itcr  h  176  pound.s.  Whul  h  Ihc 
dscharxr  of  the  orifice  in  gallons  per  minute,  wbco  the  temperature  of  the 
water  is  61°  Fahrenhdl  ? 
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Aw.  35.    The  Hook  Gage 


Tfce  hook  gage,  mvented  by  Boyden  about  1840,  consists  of 
a  gradtiiited  metallic  rod  sliding  vertically  in  tixvd  supports,  upon 
which  is  a  vernier  by  which  readings  can  be  taken  to 
ihottsandth*  o(  a  fool.  Jn  the  lower  end  of  the  rod  is 
a  sharp-pointed  hook,  which  is  raised  or  lowered  until 
its  point  is  at  the  water  level.  Fig,  35a  represents 
the  form  of  hook  gage  made  by  Gurlcy,  the  gradua- 
tion on  the  rod  being  lo  feet  and  hundredths.  The 
graduation  has  a  length  of  3.2  feet,  so  that  variations  in 
the  water  level  of  less  than  ihts  amount  can  be  meas- 
ured, by  using  the  vernier,  to  thousandths  of  a  foot.  To 
lake  a  reading  on  a  water  surface,  the  point  of  the  hook 
is  lowered  below  the  surface  and  then  slowly  raised  by 
the  screw  at  the  tc^  of  the  instrument.  Just  before 
the  point  of  the  hook  pierces  the  skin  of  the  water 
(Art.  2)  a  pimple  or  protuberance  is  seen  to  rise  above 
it;  the  hook  is  then  depressed  until  the  pimple  ts 
barely  visible  and  the  vernier  b  read.  Tlie  most  pre- 
cise hoc^  gages  read  to  ten-thou.>uindth.iof  a  foot,  and  it 
has  been  stated  that  an  experienced  observer  can,  in  a 
favorable  ti^ht  and  on  a  water  surface  perfectly  quiet. 
detect  tliffcrences  of  level  as  small  as  o.oooi  feet. 

Acbea|)er  form  of  hook  gage,  and  one  sufficiently  pre- 
cise for  many  classes  of  work,  can  be  made  by  screwing  a 
hook  into  the  foot  of  an  engineer's  leveling  rod.    The  back  pari  of 
Ihc  rod  is  then  held  in  a  venical  position  by  two  clamps  on  fixed 
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supporUt,  while  the  front  part  Li  free  to  slide.    It  is  easy  to  a: 
a  slow-motion  mo^xmenl  so  ihut  the  point  of  the  hook   may 
precisely  placed  at  the  water  level.     The  reading  of  the  vcmicr 
delcrmincd  when   the  [mint  of  the  hook  is  at  a  known  elevation 
alxjvc  an  orifice  or  the  crest  of  3  weir,  and  by  subtracting  from  this 
the  subsequent  readings  the  beads  of  water  are  known.    A  Nevr 
York  leveling  rod,  reading  to  thousandths  of  a  foot  on  its  vernier, 
is  to  be  preferred  for  this  work. 

Hook  gage»  arc  principally  used  for  dctcrnilning  the  cleva> 
tions  of  the  water  surface  above  the  crest  of  a  weir,  as  the  heads 
of  water  are  small  and  must  be  known  with  precision.     In  Fig. 
Z5b,  the  crest  of  the  weir  is  seen  and  the  huok  gage  is  erected  at 
some  distance  back  from   it,    where    thft| 
^    J  .  -,     water  surface  is  level.     In  this  case  grea' 
-L^_  _- ^  ^     care  should  be  taken  to  detcnnine  the  rcad- 
^^pjl-^     ing  corresponding  to  (he  level  of  the  crest. 
-~-~— ~  "  ^     In  the  larger  forms  of  hooks  this  may  be 
Fi(.3ai.  done  by  taking  elevations  of  the  crcsl  aod 

of  the  point  of  the  hook  by  means  of  an  , 
engineer's  level  and  a  light  rod.  With  smaller  hooks  it  may  b« 
done  by  having  a  stiff  permanent  hook,  the  elevation  of  whoso  " 
point  with  respect  to  the  crest  is  dcterminud  by  precise  levels; 
the  water  is  then  allowed  to  rise  slowly  until  it  reaches  the 
point  of  this  still  hook,  when  readings  of  the  vernier  of  th 
lighter  hook  arc  taken.  Another  method  is  to  allow  a  small 
depth  of  water  to  flow  over  the  crest  and  to  take  readings  of  the 
hook,  while  at  the  same  time  the  depth  on  the  crest  is  measured  ■ 
by  a  finely  graduated  scale.  Still  another  way  is  to  allow  the 
water  to  rise  slowly,  and  to  set  the  hook  at  the  water  level  when 
the  first  filaments  pass  over  the  crest;  this  method  is  not  a  vcrj' 
precise  one  on  account  of  capillary  attraction  along  the  crest.  J 
As  the  error  in  selling  the  hook  is  a  constant  one  which  affects 
all  the  subsequent  observations,  especial  care  should  be  taken  to 
reduce  it  to  a  minimum  by  taking  a  number  of  observations  in 
order  to  obtain  a  precise  mean  result. 

The  hook  gage  is  also  used  to  find  the  dilTeR-ncc  ol  the  water 
levels  iu  tanks  for  experiments  for  the  determination  of  hydraulic 
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coefficients,  and  in  wcIIh  along  pipe  lines  when  experiments  arc 
made  to  investigate  frictional  resistances.     In  general  its  use 
coolincd  to  cases  where  the  head  is  smalt,  as  for  high  heads  so' 
great  a  degree  of  preci^on  i$  not  required  (Art.  54). 

Prob.  35.  A  woodtn  tank,  a.$3  by  5.78  feet  in  inside  dimcnsioiu,  has 
leakage  nrju  itx  bcue.  'Ilur  ho«k  gage  react:!  3.047  '<-*<-'(  at  11.57  am., 
i.47ofcctat  ii.osp.M.,  ando-ojS  foot  at  ta.ijp.u.  Compute  the  probable 
leaksge  In  the  first  ami  last  minutL-s. 
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Art.  36.    Pressure  Gages 

A  pressure  gage,  often  called  a  piezometer,  is  an  instru- ' 
ment  for  measuring  the  pressure  of  water  in  a  pipe.  Tlie  form 
most  commonly  found  in  the  market  has  a  dial  and  movable'! 
pointer,  the  dial  being  graduated  to  read  pounds  per  square  inch. 
The  principle  on  which  this  gage  acts  is  the  same  as  that  of  the 
Richard  aneroid  barometer  and  the  Bourdon  steam  gage. 
Within  the  case  is  a  small  coiled  tube  closed  at  one  end,  while  the 
other  end  is  atuched  to  the  opening  through  which  the  water  is 
admitted.  This  tube  has  a  tendency  to  slr.aightcn  when  under 
pressure,  and  thus  its  closed  end  moves  and  the  motion  is  com- 
municated to  the  pointer ;  when  the  pressure  is  relieved,  the  tube 
assumes  its  original  position  and  the  pointer  returns  to  zero. 
There  is  no  theoretical  method  of  determining  the  motion  of  the 
pointer  due  to  a  given  pressure,  and  this  is  done  by  tests  in  which 
known  pressures  are  employed,  and  accordingly  the  divisions 
on  the  graduated  scale  are  usually  unequal.  These  gages  are 
liable  to  error  after  having  been  in  use  for  some  time,  especially 
so  at  high  prewures,  and  hence  should  be  tested  before  and  after 
any  important  series  of  expcrimcnti. 

In  most  hydraulic  work  the  head  of  water  causing  (he  pressure 
is  required  to  be  known.  When  />  is  the  gage  reading  in  pounds 
per  square  inch,  the  head  of  water  in  feet  is  A  =  2.504^,  or  when 
p  is  the  gage  reading  in  kilograms  per  square  centimeter,  the  head 
of  water  in  meters  is  A  =  top.  The  graduation  of  the  gage  dial 
may  be  made  to  read  heads  directly,  so  as  to  av*»d  the  necessity 
numerical  reduction. 
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The  pressure  at  any  point  of  a  pipe  may  be  measured  by  the 
|ighl  uf  a  column  of  water  in  an  open  tube,  as  seen  at  ^  in  Fig. 
The  upper  portion  of  the  tube  may  be  of  glass,  so  that  the 

position  of  the  water  level  may  be 
noted  on  a  scale  held  alongside. 
It  is  not  necessary  that  the  water 
column  should  be  vertical,  and  a 
hose  is  often  used,  as  seen  at  B, 
with  a  glass  tube  at  its  top.  At 
C  is  shown  a  dial  pressure  gage. 
When  the  head  h  is  directly  read 
in  feet,  the  pressure  in  pounds 
Ir  square  inch  may  be  computed  from  p  =  0.434A.  In  order 
[secure  precise  results  when  the  water  in  the  pipe  is  in  motion, 
|is  necessary  that  a  piezometer  tube  be  inserted  into  the  pipe 
right  angles;  when  inclined  toward  or  against  the  current, 
head  h  is  greater  or  less  than  that  due  to  the  actual  pressure 
I  its  mouth. 
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pressure  at  Ihe  same  elevation  in  the  other  leg  Ls  that  due  to 
the  height  s'(z  -f  bt).    Since  these  pressures  are  equal, 

is  the  head  correspomiing  to  the  distance  s  on  the  scale.  The 
ratio  s'/s  is  13.6  approximately,  its  actual  value  dct)en<iiiig  on  the 
IMirity  of  tJie  water  and  mercury  and  on  the  temperature. 

F%.  36c  shows  the  mercury  gage  as  arranged  for  measuring 
the  pressure-head  at  a  point  A  in  a  water  pipe.  Tlie  top  b  open 
to  the  air  and  through  it  the  mercury  may  be  poured  in,  the  code 
£  being  closed  and  F  open ;  the  mercury  then  stands  at  the  !^me 
height  in  each  tube.  The  cock  F  being  closed  and  E  opened, 
the  water  enters  the  left-hand  tube,  depres^ng  the  mercury  to 


ni-Me. 
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B.  causing  it  to  rise  to  C  on  the  other  side.  The  distance  s  is 
then  read  on  a  scale  between  the  two  tubes,  and  the  height  of 
B  above  .4  by  another  scale.  Tlie  pressure  of  the  water  at  B 
is  that  due  to  the  head  1  J.6:,  and  the  pressure  at  A  is  that  due  to 
the  head  y  +  ij.61.  In  precise  work  it  is  necessary  to  deter- 
mine the  exact  specific  gravity  of  the  mercurj'  and  water  at  dif- 
ferent temperatures,  so  that  precise  values  of  the  ratio  s'/s  may 
be  known.  The  value  of  s'  depends  upon  the  purity  of  the  mer- 
cury and  is  sometimes  lower  than  ij.56. 

A  belter  form  of  mercury  gage  for  use  under  most  conditions 
b  shown  in  Fig.  3<W.  It  consists  essentially  of  a  heavy  cast-iron 
rcscr\-oir  having  a  large  horizontal  cross-section  as  compared  with 


84 


Chap.  4.     InstrumentB  and  Olieervatioos 


that  of  the  glass  tube  T.    The  surface  of  the  mercury  ^f  in  this 
reservoir  therefore  remains  at  a  practically  constant  level,  and 
this  level  can  be  seen  through  a  small  glass  window  provided 
for  thai  purpose.    The  glass  lube  is  inserted  through  a  stutfing 
box  at  S  and  the  flow  of  mercurj-  into  it  is  controlled  by  a  valveA 
at  C.    Cocks  at  A  permit  of  drawing  off  and  preventing  the" 
entrainmcnt  of  air,  and  the  water  pressure  is  admitted  to  the  gage 
through  the  valve  B.    In  case  observations  are  to  be  made  ooJ 
a  pressure  which  is  constantly  fluctuating  the  resulting  oscilla-  * 
tions  in  the  tube  can  be  dampened  by  partially  closing  Uie  valves 
at  cither  or  both  B  and  C.  m 

For  very  high  pressures,  such  as  arc  used  ia  operating  heavy 
forging  [iresses,  the  mercury  column  of  tlic  above  gage  would  l>c  so. 
long  as  to  render  it  improcticabte,  and  accordingly  other  methods  must  I 
be  employed.    Fig.  36«  represents  a  mercury  gage  constructed  on 

the  principle  o(  the  hydraulic  press 
(Art.  10).  W  \s  &  small  c>'lindcr  into 
which  the  water  is  admitted  through 
the  small  pipe  at  the  top,  and  M  is  a 
large  cylinder  containing  mercury  (p^ 
which  a  glass  tube  is  attached.  Be<J 
fore  the  water  is  admitted  into  W  theV 
(itcrcury  stands  at  the  level  of  B  in 
both  the  glass  tube  and  large  cylinder, 
if  the  piston  (loe.t  not  rest  on  the 
mercury.  \Vhca  the  water  is  admitted, 
its  pressure  on  the  upper  end  of  the  piston  is  pa,  if  p  i.t  the  unit-pres- 
sure and  a  the  area  of  the  upper  en<l.  If  A  \s  itie  area  of  the  Xa-nntt 
end  of  the  piston,  the  total  pressure  upon  it  is  also  pa,  and  hvnoe 
the  unit-pressure  on  the  mercury  surface  is  p  ■  a/ A,  and  this  is 
balanced  by  the  column  of  height  s  in  the  glatx  tube.  For  example, 
suppose  that  A  =  200a,  then  the  unit-pressure  on  the  raercur)- sur- 
face is  o.oosp ;  further,  if  s  be  60  inches,  the  unit■prcf^ure  at  fi  i« 
about  1 X  14.7  =  29.4  jKiunds  per  stjuare  inch  (.Art.  4),  and  accord- 
ingly the  pressure  in  W  is  p  =  loo  X  29.4  =  5880  pounds  per  square 
inch,  which  corresjxmds  to  a  head  of  water  of  about  1$  550  fei-t. 

Prob.  36.  The  (Jiaiiictcr  o(  the  Urge  end  of  the  piston  in  the  hist  lijcure'] 
is  15  inches,  nnil  ihe  diameter  of  the  mercury  culumii  U  1  inch.  Find  thttj 
distance  the  piston  is  depressed  when  the  mercury  rises  60  indwft. 
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A  difTcrcDlLiI  j;ugc  is  an  instrumenl  for  mt-usunng  ililTcri'nces 
of  heads  or  prt-ssurcs,  and  this  must  be  frefiucntly  done  in  hy- 
draulic work.  One  of  ihc  simpk-sl  forms  is  thai  seen  in  Fig.  37a, 
where  two  water  columns  from  A  and  1}  arc  brought  to  the  sides 
of  A  common  scale  ujK>n  which  the  difference  of  hviglil  BC  is 
directly  read.    A  better  form  is  one  havHng  two  glass,  tubes 
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fastened  to  a  scale,  these  tubes  being  provided  with  attachments 
upon  which  can  be  screwed  the  hose  leading  from  the  pipe.  Where 
it  is  desired  to  measiurc  the  difference  between  two  large  heads, 
provided  that  this  diflcrence  is  not  greater  than  can  be  read  on 
the  scale  board,  tJiis  can  be  clone  by  connecting  the  tubes  across 
their  top«,  35  in  Fig.  37/1,  and  by  means  of  an  air  pump  imposing  a 
pressure  sufficient  to  bring  the  water  columns  within  visible  range. 
After  this  pressure  has  been  imposed  Uic  valve  at  D  is  closed  and 
the  difference  in  the  heads  read  on  the  scale. 

Fig.  37c  shows  the  principle  of  the  mercury  differentia!  gage.* 
Two  parallel  tubes  arc  open  at  the  top,  and  here  the  mercury  is 
poured  in,  tlie  cocks  E  and  F  being  open  and  A  and  C  dosed; 
the  mercury  then  stands  at  the  same  hdght  in  each  tube.  The 
cocks  E  and  F  being  now  closed  and  A  and  C  opened,  the  water 
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Iters  at  A  and  C,  and  the  mercury  is  depressed  iii  one  tube  and 

viitcd  in  the  other.  Let  the  pressure  at  B  be  (hat  due  to  the 
head  Ai,  and  the  pressure  at  C  be  that  due  to  the 
licud  In,  and  let  ki  be  greater  than  fa;  also  let 
the  distance  read  on  the  scale  between  the  two 
tubes  be  z.  Then  Ai=  Aj  +  13.62,  or  the  differ- 
ence of  the  heads  of  water  on  B  and  C  is 
hi  —  }n  =  13.63.  Thus  if  2  be  1.405  feet,  the 
difference  of  the  heads  is  19. i  feet.  Here,  as  for 
the  mercury  gage  of  Art.  36,  the  specific  gravity 
of  the  mercury  and  water  must  be  known  for  dif- 

fut  temperatures,  or   comparisons  of  the  instrument  with  a 

ndard  gage  must  be  made. 

W'hen  the  difference  of  the  heads  is  small,  the  water  gage, 

;iined  in  the  first  paragraph,  cannot  measure  it  with  precision, 

ecialh-  when  the  columns  are  subject  to  oscillations.     To  in- 

asot  lie  distance  between  B  and  C  and  at  the  same  timedecrease 

amount  of  oscillation,  the  oil  differential  gage,  invented  by 
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expresaed  to  four  slgnificanl  figures  when  precise  work  on  low 
beads  is  to  be  done. 

The  difTercuce  of  head  h,  —  />,,  determined  by  these  differ- 
entia] gagefi,  is  the  difference  of  the  heads  due  to  the  pressure  at 
the  wuler  Im-els  B  and  C.  The  difTerence  of  tlie  actual  heads  ul 
tiic  points  of  connection  with  the  pipe  under  test  is  next  to  be 
dclennincd.  Fig.  37c  shows  a  mercury  gage  set  over  a  water 
pipe  for  the  purpose  of  determining  the  loss  of  head  due  to  a 
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n(.3T<. 


ng.  37/. 


valve,  the  velocity  of  the  water  being  high,  so  that  the  difference 
of  presstire  at  .'I  and  D  i&  large.  Fig.  37/  shows  an  oil  gage 
set  o\-cr  a  similar  pijic,  the  velocity  being  low,  so  that  the  differ- 
ence of  pressure  is  small.  Let  a  horizontal  plane,  represented  by 
the  broken  line,  be  drawn  through  the  zero  of  the  scalcaf  the  gage, 
and  let  </  be  the  distance  of  this  plane  above  the  horizontal  pipe. 
Let  b  and  c  be  the  readings  of  this  scale  at  the  water  levels  B  and 
C  in  the  gage  tubes,  the  difference  of  these  readings  being  s.  Let 
A,  and  k)  be  the  pressure-heads  on  B  and  C,  and  H^  and  //j  those 
on  A  and  D.  Then  //,  =  A,  +  ft  +  d  and  ff ,  =  A,  +  c  +  d, 
and  tlie  difference  of  these  heads  is 

which  is  applicable  to  Ixtth  kinds  of  differential  gages.  For  the 
mercury  gage  the  bead  /n  —  ht  equals  13.62,  while  the  value  of 
i  —  c  Is  —  s ;  hence 

/7,  —  //j  =  13.6s  -  s  =  i2.6« 

For  the  oil  gage  Ai  —  Ai  is  —  0.79s,  while  b  —  c  us,  hence 

Bt  —  ^£l  =  ~o.^QS  +  S''0.lls 
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In  general,  if  s"  is  the  ratio  of  the  specific  gravity  of  the  racrcurj' 
or  oil  to  that  of  the  water,  the  difference  of  the  pressure-heads 
at  A  and  D,  which  ta  the  los$  of  hciid  due  to  the  valve,  is  is'  -  1)2 
for  the  mercury  gage  and  (i  —  s')s  for  the  oil  gage. 

ITie  principle  of  the  mercury  Kagc  can  aUo  l>c  applied  lo  the  mcas- 
uientent  of  smull  ditTirrvnces  of  heiid  by  using  a  liquid  having  a  specific 
gravity  but  little  heavier  than  water.  Thus  Cole,  in  1897,*  employed 
a  mixture  of  carbon  ti;lrachlon>le  and  gasoline  which  had  a  specific 
gravity  of  1,25 ;  for  this  mixture  ifi  —  II,  cquala  0.25^.  or  z  is  four 
times  the  head  H,  -~  Hj,  and  accordingly  when  ffi  —  ffj  is  small,  the  I 
error  in  determining  it  by  the  reading  z  is  greatly  diminished. 
It  may  be  also  noted  that  when  the  tube  or  pipe  h  nol  horizontal,  the 
expressions  (s  —  t)z  and  (i  —  s')s  give  the  loss  of  head  between  the  ■ 
two  points  .1  and  D,  although  the  difference  of  the  actual  pressure- 
heads  mav  \>c  gr»iter  or  less  according  i»  /)  is  loner  or  higher  than 
D  (Art.  85). 

I'rob.  37.   tti  the  case  of  Fig.  37c  let  the  point  D  be  lower  than  A 
0.4s  tool,  and  let  ihe  reading  1  be  0.137  'wt.     How  much  peater  is  I 
prcssurc-hcAd  at  .4  thnn  that  at  />  ^ 


Akt.  38.    Water  Meters 

Meters  used  for  measuring  the  quantity  of  water  supplied 
to  a  house  or  factory  are  of  the  displacement  type ;  that  is,  as  the 
water  passes  through  the  meter  it  displaces  or  moves  a  piston, 
u  whei'l,  or  a  valve,  the  motion  of  which  is  communicated  through 
a  train  of  clock  wheels  to  dials  where  the  quimiity  that  has  passed 
since  a  certain  time  is  registered.  There  b  no  theoretical  way 
of  determining  whether  or  not  the  readings  of  the  dial  hands  arc  1 
correct,  but  each  meter  must  be  rated  by  measuring  the  discharge 
in  a  tank.  Several  meters  may  be  placed  on  the  same  pipe  line 
in  this  o[}eration.  the  same  tiischar^'c  then  passing  through  each 
of  them.  When  impure  water  passes  through  a  meter  for  any 
length  of  time,  dei)osits  arc  liable  to  impair  the  accuracy  of  itsj 
readings,  and  hence  it  should  be  rerated  at  intervals. 

The  piston  meter  is  one  in  which  the  motion  of  the  water' 
causes  two  pistons  to  move  in  opposite  directions,  the  water 

*  Trai3aclioiu  American  Swictr  ol  Civil  £t]|[iii«n,  1901,  irol.  47,  p.  aj6. , 
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iving  and  entering  the  cylinder  by  ports  which  arc  opened  and 
closet]  by  slide  \'3lves  somewhat  ^niilar  to  those  used  in  the  steam- 
engine.  'ITie  rotflr^-  mcttrr  has  a  wheel  (rticloscd  in  a  case  so  that 
it  is  caused  lo  revolve  as  the  water  passes  through.  The  screw 
meter  has  an  encased  helical  surface  that  revolves  on  its  axis 
as  the  water  enters  at  one  end  and  passes  out  at  the  other.  The 
disk  meter  has  a  wabbling  disk  so  arranged  that  its  motion  is 
aimmunicatcd  to  a  pin  which  moves  in  a  circle.  In  all  these,  and 
in  many  other  forms,  it  is  intended  that  the  motion  given  to  the 
pointers  on  the  dials  shall  be  proportional  to  the  volume  of  water 
:ing  through  the  meter.  I1ie  dials  may  be  arranged  to  read 
ritbcr  cubic  feet  or  gallons,  as  may  be  required  by  the  con- 
sumers. These  meters  are  of  different  stees  according  to  the 
quantity  of  water  to  be  registered.  They  all  occasion  considerable 
lo«s  of  head  in  the  pipe  on  which  they  are  installed  and  are  of 
varying  degrees  of  sensitiveness  for  small  flows.  The  quantity 
of  water  rcgbtered  by  a  meter  of  these  types  varies  on  account  of 
r  both  with  its  age  and  with  the  quality  of  the  water  it  meas- 

For  these  reasons  fretjuent  ratings  arc  desirable." 
The  Vcnturi  meter,  named  after  the  distinguished  hydrauli- 
dan  who  first  e.xi)erimented  on  the  principle  by  which  it  operates, 
invented  by  Her- 

chelin  iSSy.t    Fig.;J8o 

lows  a  horizontal  pipe 
having  an  area  Oi  at 
each  end,  and  the  cen- 
tral part  contracted  to 
the  area  a,,  with  two 
smiitl  picawmeter  tubes  into  wliich  the  water  rises.  When  there 
ia  ni>  flow,  the  water  stands  at  the  same  level  in  these  two 
columns,  but  when  it  is  in  motion,  the  heights  of  these  columns 
above  the  axis  of  the  pipe  arc  Ai  and  Aj.  Let  ri  and  Vt  be  th« 
nit!an  velocities  in  the  two  cross -sections.  'ITicn  by  Art.  24  tht 
effective  head  in  the  upper  section  is  h,  +  v^fjg,  and  that  in 

*  Tnanctiooft  Amcritsn  Soclciyof  Civil  Enitlnom,  iSqq,  vol.  41,  and 
I>rooxding*  American  Water  Works  iVitotiuiJun.  ipio. 

t  TruHUttont  Amcricoa  Society  of  Civil  EnginccK,  1887,  vdL  17.  p.  32B. 
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Ismail  section  is  }u  -j-  I'^Vag ;  if  there  be  no  losses  caused  by 
Vion,  these  two  expressions  must  be  equalj  and  hence  by  the 
prem  of  '(ilyi, 

i-a-  -  '^1-  ='  2g(Ai  -  hi) 

k'  let  Q  be  the  discharge  through  the  pipe,  or  Q  =  ajDj  and  als3 
ii.ji'j.     Taking  the  \'alues  of  Cj  and  i\  from  these  expressions, 
Ining  ihum  in  the  above  equation,  and  solving  for  Q,  gives 

111  J; 


Q  = 


:  V2g(A,  -  h) 


(38) 


th  may  be  called  the  theoretic  discharge.  Owing  to  fric- 
lal  losses  which  occur  between  the  two  cross-sections,  the 
Ital  discharge  q  is  alwri)'s  less  than  Q,  qt  q  =  cQ,  in  which  c 
coefficient  whose  value  generally  lies  between  0.95  and  0.99. 
Ideterminc  5,  when  the  coefficient  is  known,  it  is  hence  only 
Lssary  to  measure  the  difference  h^  —  lu.  and  then  compute 
formula  (US), 

The  Venturi  meter  is  used  for  measuring  the  discharge  through 
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two  mcTcur)' columns.  A  scale 
gnultutcd  so  that  A|  -Aj  varies 
very  nearly  as  if  will  Ihen 
enabk  the  rate  of  flow  in  the 
pipe  to  be  directly  read  (38). 
This  meter  is  extensively  used 
for  the  measurement  of  water 
and  other  Liquids,  and  its 
capacity  and  accuracy  are 
greater  than  that  of  any  other 
form  yet  devised. 

lii  Fig.  386  h  shown  a  type 
of  continuous  recording  ap- 
paratus as  constructed  by  the 
Builders  Iron  Foundry  of 
Providence,  R.  I.,  for  use  wilb 
the  V'cnturi  meter.  On  the 
upper  dial,  which  is  driven  by 
a  dock,  a  pen  makes  on  a 
chart  a  continuous  autographic 

fea)^d  of  the  rate  of  flow 
rough  the  meter.  By  means 
of  this  chart  and  a  special 
planimetcr     the   quantity    of 

_  water  which  has  passed  the 
meter  may  be  determined  for 

'  any  desired  period.  Depend- 
ing on  the  gear  of  the  clock, 
these  charts  arc  changed  every 
24  hours,  ever>'  week,  or  at 
any  other  desired  interval 
On  the  central  dial  Ihe  mech- 
anism autoroalitally  records 
the  total  quantity  of  water 
which  has  passed  through  the 
meter  fn»m  the  lime  it  was 
set  to  the  time  any  reading  of 
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the  face  is  taken.    On  tlie  lower  dial  the  pointer  contin 
indicates  the  rate  of  flow,  and.  <k'[)cmiing  on  the  gradu:it 
of  tlie  scale,  may  iudicule  in  millions  of  gaUons  per  day,  in'j 
cubic  meters  per  second,  or  in  any  other  desired  unit. 

A  brief  d(.-5cri|>tioD  of  the  operation  of  this  apparatus  U  as  follows. 
The  two  pressure  |>i|>es  from  the  meler  liil>e,  FIr.SSi;,  are  led  to  two  i 
mercury  chambers  connected  near  their  bottoms  and  so  forming  a  dif- 
ferential RaRc.  In  each  of  these  dianibcrs  is  a  cast-iron  iloat,  and  each 
float  oarrii-s  a  toothed  rack.  Kaeh  rack  meshes  with  u  spur  gear,  both 
gears  being  attached  to  a  single  shaft  which  carries  the  [lointer  on  the 
lowtT  dial.  The  angular  movemenl  o(  this  jwinter  is  therefore  exactly 
proportional  to  any  change  in  the  difference  of  the  two  mercury 
levels,  .\ttached  to  ihisshiifl  i.*  a  Ciim,  the  cur\c  of  whose  face  is 
pro|K)rtional  to  V/r,  —  li^.  As  the  shaft  rotates  the  cam  presses 
against  and  moves  a  long  vertical  lever  which  carries  at  it.s  lop  tlie  pen 
which  makes  the  record  on  the  chart  on  the  upper  dial.  It  is  evident 
therefore  {38)  that  the  movement  of  the  [len  is  proportional  to  q.  The 
lever  which  carries  the  |kti  is  also  connected  to  a  clock-driven  in- 
tegrating mechanism  In  a  manner  such  th;ii  the  speed  of  ttie  eounler 
increases  ilirecily  as  the  angular  movement  of  the  vertical  lever  in-  _ 
creases  from  its  starting  position.  The  speed  of  the  counter  is  at  all  I 
times  therefore  projxjrttonal  to  the  rate  of  flow  through  the  meter,  and 
thus  the  quantity  passing  is  continuously  integrated.  The  accuracy 
of  this  recording  mechanism  can  l)c  tested  at  any  time  by  corajKiring 
the  rate  of  '^ov!  indicated  by  it  with  the  difference  between  Aj  and  A| 
as  shown  by  a  diiTerential  gage  connected  to  the  two  pRTSsure  tubes 
leading  from  the  meter.  A  known  diflferencc  in  pressure  may  also  be  ■ 
imposed  upon  the  pipes  leading  to  tlie  recording  mechanism  by  means 
of  two  water  columns  an<l  the  registration  of  the  apparatus  obscr^'cd 
and  compared  with  this  known  difference.  In  this  way  the  ap- 
paratus can  be  tested  through  greater  rajtgcs  than  those  usually  to 
be  obtained  under  serwce  conditions. 

Another  form  of  recording  apparatus  for  use  with  the  Veiituri 
meter  is  made  by  the  Simplex  Valve  and  .Meter  Company  of 
Philadelphia,  Pa.*    Thi-s  apparatus  performs  all  of  the  functions 
of  that  alwve  described.     Its  operation  is  also  based  on  a  cam 
but  dtRaiis  of  its  mcchanfam  are  materially  different. 

*  rrocecding?  American  Water  VVorks  Associntioii,  1906.  ^| 
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le  Premier  meter  *  manufactured  by  The  National  Meter 
Company  makes  use  of  the  Vcnturi  principle  though  in  a  manner 
entirely  different  from  the  others  above  described.  It  consists 
essentially  of  a  \'entiiri  tube  with  a  by-pass  leading  from  itB  up- 
stream end  to  its  throat.  On  this  by-pass,  which  is  materially 
i^tnaller  than  the  m.iin  tube,  there  is  put  a  displacement  meter 
of  the  pbton  type  which  records  that  proportion  of  the  entire  flow 
which  passes  through  it.  'V\\e  ratio  between  the  tola!  flow  and 
that  indicated  by  the  small  meter  being  determined  hy  experi- 
ment, the  entire  arrangement  becomes  an  instrument  for  the  meas* 
uremcnt  of  water  or  other  liquids.  This  lyjK-  of  meter  is  strictly 
of  the  proportional  type,  and  as  snch,  is  open  to  all  of  the  objec- 
tions which  hold  against  the  class.  It  gives  best  results  (or  throat 
vdodtics  in  exocaa  of  lo  feet  per  second  at  which  the  friction 
the  small  recording  meter  be«^x>mt's  reliitivi-ly  small  and  con- 
'Kquently  has  less  clTcct  on  titc  strict  proportionality  of  flow 
through  the  two  branches.  This  type  of  meter  is  adapted  to 
locations  close  to  the  hydraulic  gradient,  where  the  styles  of  re> 
cording  apparatus  hereinbefore  described  could  nut  he  used  in 
connection  with  a  simple  \''enturi  tube  on  account  of  insuflirient 
submergence  of  the  throat.  For  the  proper  operation  of  these  re- 
cording mechanisms  it  is  alwaj-s  necessary  that  the  pressure-head 
at  the  throat  be  a  positive  quantity. 

Still  another  instrument  adapted  for  making  a  continuous 
record  of  the  flow  of  water  in  a  pipe  is  the  Pitotmeter  as  perfected 
by  Cole.f  This  apparatus  consists  essentially  of  a  pair  of  Pitot 
tubes.  Art-  41 ,  which  can  be  inserted  through  a  corporation  cock  to 
any  position  within  the  pipe.  One  of  these  tubes  l(X>ks  upstream 
and  the  other  downstream.  From  them  connection  b  made  to 
the  branches  of  a  diflcrential  gage  in  which  is  placed  a  mixture 
of  carbon  tetrachloride  and  gasoline  f  Art.37).  The  difference  in 
level  between  the  columns  is  photographically  recorded  on  a  strip 
of  scn&iti7.ecl  paper  by  means  of  suitable  apparatus,  and  from  this 

PracMdio);*  Americin  W*tcr  Works  AModntuia,  190S;  Engmfcr- 
bs  Ktm,  JiiDT  lO,  n»t.  • 

f  Journal  Ni-w  KnirUnil  WaliT  Works  Aisacntioci,  1006;   I'nKMd- 
1801  Anwrioui  WaUT  Wotki  AMoaaliaa,  igo7. 
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Irded  dilTerencc  the  quantityof  water  wliich  has  passed  through 

pipe   can   be   computed.     With   this   apparatus   the   usual 

ledure  is  to  first  rate  the  Pitot  tubes  (Art. 41),  and  then  after 

|rting  them  into  the  pipe,  making  a  traverse  in  order  to  de- 

line  the  ratio  between  the  average  and  maximum  velocities. 

ratio  usually  varies  from  0.80  to  0.86  (Art.  S3).     Thereafter 

Itubes  are  set  so  as  to  record  the  maxinnmi  velocity,  and  by 

Ins  of  the  ratio  the  average  velocity  is  computed.     In  order  to 

Ire  correct  results  the  tubes  must  be  carefully  rated  and  care 

laken  to  see  that  they  are  kept  clean  of  materials  deposited 

|i  the  water  about  their  mouths.     The  Pitotmeter  has  the 

intageof  causing  little  orno  loss  of  head.     It  is  a  very  portable 

^■ument,  and  is  [urlicuUtrly  adapted  for  application  to  water 

|te  investigations,  pump  slippage,  and  other  allied  subjects. 

Ul  meters  cause  a  loss  in  pressure,  so  that  the  pressure-head 
lie  pipe  beyond  the  meter  is  less  than  in  the  pipe  where  it 
Irs  the  meter.     This  is  due  to  the  energy  lost  in  overcoming 
1.     For  a  Venturi  tube  having  a  throat  area  of  one-ninth 
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V,  which  multiplied  lato  a  wilt  give  the  actual  discharge  q,  and 
this  value  i&  called  the  mean  velocity. 

In  the  case  of  a  stream  or  open  channel  the  velocity  is  much 
IcM  along  the  skltst,  and  bottom  than  near  the  middle.  A  rough 
determination  of  the  mean  velocity  may  be  made,  however,  by 
observing  the  greatest  surface  velocity  by  a  float,  and  taking 
eight-tenths  of  this  for  the  approximate  mean  \-clority.  Thus, 
if  the  float  requires  50  seconds  to  run  130  feel,  the  mean  velocity 
is  about  1 .9  feet  per  second ;  tlicn  if  the  crow-section  be  820  square 
feet,  the  discliarge  i*  1560  cubic  (ect  per  second. 

The  practical  object  of  determining  the  mean  velocity  is, 
in  nearly  all  ca^es,  tu  determine  the  dis<:har»;c,  but  as  a  rule  the 
mean  velocity  cannot  be  directly  observed.  A  knowledge  of 
I  it&  value,  however,  is  necessary  in  all  bnsnclics  of  hydraulics, 
since  hydraulic  cocflicicnbi  and  formulas  arc  based  upon  it.  Ac- 
I  cordingly,  many  experiments  have  been  made  upon  small  orifn-es 
^_jukI  pipes  by  catching  the  flow  in  tanks  and  thus  determining  i/, 
^^phcn  the  mean  velocity  has  been  computed  from  p  =  q/a.  ThLs 
process  has  been  extended,  by  indirect  methods,  to  lai^  oritices 
and  pipes,  and  finally  to  canals  and  rivers. 

A  common  method  of  titifiing  the  discharge  of  a  stream  is 
to  subdivide  the  cross-sectton  into  parts  and  determine  their 
areas  Oi,  Oj.  etc.,  the  sum  of  which  is  the  total  area  j.  Then, 
if  Pi,  Vf  '-■t*-'-'  are  the  mean  vcloctites  tn  these  areas,  and  if  these 
are  determined  by  obscrvation.i,  the  discharge  is 

q  =  aii'i  +  ajfi  +  rtje»  +  etc  (39) 

Here  the  mean  velocities  may  be  roughly  found  by  observing 
the  passage  of  a  surface  float  at  the  middle  of  each  subdivision 
and  multiplying  this  surface 
vdudty  by  0,9.  There 
are,  however,  more  preri.'ic 
methods,  one  of  which  will 
be     explained     in    Art.  40, 

while  others  will  be  described  in  Chap.  10.     When  q  has  been 
fnund  in  this  manner,  the  mean  velocity  of  the  stream  may  be 
Pcxunputcd,  if  desired,  by  ti  =  q/a. 
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Formula  (39)  applies  also  to  a  cross-section  of  any  kinc 
Tliusi,  let  the  pipe  uf  Fig.  39*  be  divided  by  concentric  circles 
into  the  areas,  a,,  ii,,  aj,  b„  ant!  let  the  mean 
velocities  Vi,  Vt,  Vi,  V4,  be  determined  by  obser- 
vation f(ir  each  of  thest;  ar(\'i.i;  the  discharge 
q  is  tlien  gi%-cn  by  (39).  Again,  in  tiie  con- 
duit of  Fig.  12Ga,  let  a  velocity  observation  be 
taken  at  each  of  ihc  97  points  marked  by  a 
dot,  these  points  being  uniformly  spaced  over 
the  cross-section,  so  that  each  of  the  areas  a,,  a,,  etc.,  may  be 
regarded  as  aV  "-    Then  from  (39)  the  discharge  is 

q=  ^  a{'i;j  +  V2+Vt+  ■"  4-pK)  =  (ro 

or  p  is  the  sum  of  the  individual  velocities  divided  by  97.  In 
general,  if  a  cross-section  be  divided  into  n  equal  parts,  the  mean 
velocity  is  the  average  of  the  n  obscr\-ed  velocities.  Tliis  r<-sult 
is  the  more  accurate  the  greater  the  number  of  parts  into  which 
the  cross-section  is  divided.  If  the  number  of  parts  be  infinite 
and  the  water  piissing  through  each  be  called  a  filament,  tlic  mean 
velocity  in  the  cross-section  may  be  defined  as  tlie  average  of  the 
velocities  of  all  the  lilaments. 

Prob.  39.  A  walcr  pipe, .( inchw  in  diameter,  is  divided  into  three  pari* 
by  coiiociilric  cirdta  whose  (liitmelcRi  arc  1,  i.uiid  j  iiitliLi.  I'lic  mean  i.-cioc- 
ities  in  these  pjitis  jtn  found  to  be  6.6,  4-S.  and  i-o  feet  per  icconcJ.  Com- 
pute the  disdiarge  and  mean  velocity  for  die  pipe. 

Art.  40.    The  CtJRRENT  Meter 

In  1790  the  German  hydraulic  engineer  Woltniann  invented 
an  apparatus  for  measuring  the  velority  of  flowing  water  which 
was  later  improved  by  Darcy  and  otJiers,  and  is  now  extensively 
used  for  gaging  streams  and  other  open  channels.  This  meter 
is  like  a  windmill,  having  three  or  more  vanes  mounted  on  a 
spindle  and  so  arranged  that  the  face  of  the  wheel  always  stands 
normal  to  the  direction  of  the  current,  the  pressure  of  which  causes 
it  to  re\'olve.  Tlte  number  of  revolutions  of  the  wheel  b  approxi- 
mately proportional  to  the  velocity  of  the  current.  In  the  best 
fomu)  of   this  instrument    the    number  of   revolutions  made 
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f  in  a  givcD  lime  is  dclermineci  and  recorded  by  an  apparatus 
I  placed  near  the  observer  on  a  bri<ipc,  in  a  boat,  or  elsewhere. 
In  these  forms  an  elcclrie  connection  is  made  and  broken  at  every 
Gfth  revolution  and  a  dial  on  the  recording  apparatus  afTccted. 
By  means  of  a  telephone  receiver  the  making  iind  breaking  uC' 
the  circuit  can  be  made  audible  to  the  observer,  who  in  such 
case  simply  keeps  count  of  the  number  of  tiieks  and  observes  on 
a  stop-watch  the  time  cla|>sed  for  a  given  number  of  revolutions. 

The  meter  may  be  oiwraled  by  placing  il  on  a  rod  on  which 
its  position  may  be  changed  at  will  or  by  suspending  it  from  a 
chain  or  roiw.  The  former  of  these  metlioiis  is  applicable  only 
to  small  stream*  and  to  eases  where  the  velocity  is  low.  Under 
the  second  method  the  meter  can  best  be  operated  from  a  bridge, 
and  in  some  cases  at  permanent  gaging  stations  in  lieu  of  a  bridge 
a  wire  cable  may  be  stretched  across  the  stream  and  at  a  suthdcnt 
beigbt  above  it,solhat 
the  operator,  when 
seated  in  a  cage  which 
travels  on  the  cable, 
irill  have  room  for 
operation.  On  very 
large  streams  or  where 
the  expense  of  a  cable 
b  not  warranted  the 
gagings  may  be  made 
from  a  boat.  At  times 
of  low  water,  in  shal- 
low streams  the  meter 
H  carried  and  held  di- 
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rectly  in  position  by  the  observer  who  wades  out  into  Ihc 
stream.  In  surh  cases  care  must  be  taken  to  hold  the  meter 
dear  ol  tht-  disturbing  iiillucnct.-  of  the  observer's  presence. 

Figure  40i3  shows  the  recording  dial  of  an  dcctricaJiy  operated  de- 
vice for  counting  the  revolutions  of  a  meter,  and  in  Fig.  40ft  is  shovm 
the  Price  current  meter,  a  form  extensively  used  in  the  failed  States. 
The  cujte  or  ^anes  arc  kept  facing  the  current  by  means  of  the  crofts- 
shaped  rudder  immediaiely  behind  them,  .^t  the  lower  end  of  the 
standard  is  a  heavy  torpedo-shuped  lead  weight  also  equipped  with 
rudder  vanes.  The  supportiiiR  cable  is  shown  connected  to  the  upi>er 
end  of  the  standard  by  a  sniip,  and  the  electric  connection  wires  arc 
shown  extending  from  the  battcrj-  in  the  leather  case  through  the  meter 
and  thence  to  the  tele[)hone  n-ceiver.  Both  the  battery  and  the  re- 
ceiver arc  carried  by  the  observer.  In  order  to  as«st  in  keeping  the 
meter  more  nearly  vertical  in  swiftly  flowing  streams  a  line  may  be 
attached  to  the  sup|)orting  cable  a  short  distance  above  the  meter  and 
carried  to  sonic  point  upstream, so  that  a  pull  on  it  will  help  to  make  the 
meter  better  maintain  its  position. 

A  current  meter  cannot  be  used  for  determining  the  velocity 
in  a  small  trough  or  channel,  since  the  introduction  of  it  into  the 
cross-section  would  contract  the  area  and  cause  a  change  in  the 
velocity  of  tht'  flowing  water.  In  large  conduits,  canals,  and  rivers 
it  is,  however,  a  convenient  and  accurate  instrument.  By  simply 
holding  it  at  a  fixed  position  below  the  surface  the  velocity  at 
that  ]>oinl  is  found ;  by  causing  it  to  descend  at  a  um'form  rate 
from  surface  to  boltoni  the  mean  velocity  in  that  vertical  is 
obtained;  and  by  passing  it  at  a  uniform  rate  over  all  parts  of 
the  croft.H-section  of  a  channel  the  mean  velocity  V  can  be  directly 
determined.  This  latter  procedure  is  one  which  can  be  put  into 
practice  only  in  small  channels  and  under  unusual  conditions. 
It  is  mentioned  here  simply  to  illustrate  the  various  uses  to 
which  the  current  meter  may  be  put. 

In  operation  the  current  meter  is  generally  suspended  from 
a  cjiblc  which  is  graduated  so  that  the  distance  of  the  cen- 
ter of  the  meter  below  the  surface  of  the  water  can  be  directly 
read  by  the  observer.  The  current  meter,  like  c\'erj'  other 
imtmmcnt,  must  be  used  ajid  bandied  with  care  to  produce 
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ihc  best  results.    Hoyt  •  has  well  summarized  recent  current 
meter  practice  and  the  results  which  have  been  obtained. 

To  derive  the  velocity  of  the  water  from  tlie  number  of 
recorded  revolutions  per  second  the  meter  must  first  be  rated 
by  pushing  it  at  a  known  velocity  through  still  water.  The 
best  place  for  doiaf;  this  is  tn  a  pond  or  navigation  canal,  where 
the  water  has  no  sensible  velocity.  A  Intck  is  built  aloiig  the 
bank  on  which  a  small  car  can  be  moved  at  a  known  velocity. 
From  this  car  the  meter  is  suspended  into  the  water  either 
Crom  a  rod  or  a  cable,  and  the  method  of  suspension  used  should 
be  ibc  same  as  that  tn  be  eniploycd  in  actual  service.  The  lowest 
velocity  of  tlic  car  should  be  that  at  which  the  meter  w^ill  just  start 
and  continue  revohing;  this  velocity  is  from  o.i  to  o.i  feet  per 
second.  The  highest  velocity  should  be  somewhat  in  excess 
of  the  actual  velocities  to  be  observed,  and  ratings  are  usually 
carried  up  to  velocities  of  from  lo  to  15  feet  per  second.  It 
is  always  found  that  the  number  of  revolutions  per  minute 
is  not  exactly  proportional  to  the  velocity  of  the  car,  and  hence 
when  the  meter  is  held  stationary  in  running  water,  the  velocity 
of  the  water  is  not  proportional  to  the  number  of  revolutions. 

From  the  observations  made  at  the  different  known  velocities 
there  is  prepared  a  rating  table  showing  the  velocity  of  the  water 
in  feet  per  second  corresiwnding  to  the  number  of  meter  revo- 
lutions. I'his  form  of  table  is  best,  since  in  making  observations 
best  results  are  obtained  by  noting  the  numlicr  of  seconds  required 
lo  complete  a  certain  number  of  revolutions.  To  make  such  a 
table  the  known  velocities  of  the  car  are  taken  as  abscis&as 
on  cross-section  paper  and  the  number  of  revolutions  as  ordinatcs, 
and  a  point  cQries{>onding  to  each  observ'ation  is  plotted.  A  mean 
carve  may  then  be  drawn  to  agree  as  closely  as  possible  with  the 
plotted  pwnts,  and  from  this  curve  the  velocity  corresponding  to 
any  number  of  rcvolution.i  can  be  taken  off.  This  curve  may  be 
expressed  by  an  equation  of  the  form  Kea  +  ^orK^a  +  fr* 
+  («',  in  which  V  is  the  velocity  of  the  car  in  feet  per  second  and 
n  in  ibe  number  of  revolutions  of  the  meter  per  second.    By  the 
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aid  of  the  Method  of  Least  Squares  the  conslaats  of  the  equation 
may  ihfn  be  computed  and  the  rurvc  determined  (Art.  42). 
In  the  case  of  the  smiill  I'rice  meter  it  has  been  found  that  the 
curve  is  very  closely  approximated  by  two  straight  lines  AB  and 
BC,  as  shown  in  Fig.  40c,  which  is  a  tjpical  rating  cun-e  for  this 

I  type  of  meter.*    This  curve  was  based  on  thirty-five  observa- 

I  lions  at   different  velocities,  and  practically  all  of  them  fell  on 

^K      the  iinc  ABC  which  is  also  very  nearly  a  straight  tine. 
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;\n  examination  t  of  the  rating  tables  of  a  n\iniber  of  meters 
has  showni  thai  possible  errors  due  to  dilTerences  in  rating  arc 
quite  small,  and  ihal  a  Price  meter  in  good  condition  can  be  used 
with  a  standard  rating  table  without  serious  error  for  all  veloc-  ■ 
ilitfs  greater  than  0.5  fool  per  second  and  then  generally  within 
about  2  percent. 

While  the  current  meter  Is  an  extensively  used  instrument,  there 
are,  as  in  most  other  hydraulic  work,  certain  features  which  are  not 
yet  fully  understood.  These  are  tlie  dilTerences  shown  in  the  results  of 
the  Tilting  of  the  same  meter  when  held  on  n  rod  and  when  s^uspended 
by  a  cablet  It  lias  also  been  found  I  hat  the  ratinj;  of  a  meter  made  in 
stili  water  (iifTem  somewhat  from  tliat  made  in  running  water,t  but 
no  successful  means  for  making  direct  nmning  water  ratings  have 
as  yet  buen  devised.  Many  good  comparisons  belwi^n  current  meter 
gogings  iuid  weir  measurements  have  been  made,  Ijut  the  current  meter 

•  IVzina^^ticiiui  jXmctkan  Society  o(  Civil  Engiiuwn.  1910,  vol.  66.  p.  83. 
tT^anKKlioim  Amcriran  Sodcly  ot  Civil  Rnpncprs.  irjio,  vol.  6(1,  p.  83. 
t  Waiit  Supply  nnd  Irrisaiion  Paper,  No.  95,  U.  S.  GculugicDl  Survey. 
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velodties  in  all  of  thcni  have  been  relatively  low,  so  that  no  complt 
comparison  h^is  up  to  the  present  bcvn  possible. 

Prob.  40.   In  order  to  nitr  a  certain  current  mclcr,  three  objcivations 
were  Ukcn  m  atill  water,  a^  fuUon-s : 

V'dodly  u(  the  car  -  j.o        3.8        7.4  feci  per  second 

Revolutions  per  minute  =30        60       1 30 

Plot  thci«e  observations  on  cnKw-section  [uipcr  and  deduce,  without  using 
tbc  Method  irf  Least  Squares,  the  relation  between  V  and  n  in  Ihc  equation 
V  -a+bn. 


Fl**Ia. 
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Art.  41.    The  Pitot  Tcbe 

About  1750  the  French  hydraulic  engineer  Ktot  invented  a 
dc%*i<;e  for  measuring  the  velocity  in  a  stream  by  means  of  the 
velocity-head  which  it  m\\  produce.  In  its  simplest  form  it 
coimsts  of  a  bent  tube,  the  mouth  of  which  is  placed  so  as  to 
directly  face  the  current.  'ITie  water  then  rises  in  the  vertical 
part  of  the  tube  to  a  height  A  abo\'e  the  surface  of  the  flowing 
stream,  and  thb  height  is  equal  to  the  velocity-bead  t/'/ig,  so  that 
the  actual  velocity  7  is  in  practice  approximately  equal  to  -y/igh. 
As  constructed  for  use  in 
streams,  Pitot 's  appa- 
ratus consists  of  two 
tubes  placed  side  by  side 
frith  their  submerged 
mouths  at  right  angles, 
so  that  when  one  b  op- 
posed to  the  current,  as 
seen  in  Fig.  A\b,  the  other  stands  normal  to  it,  and  the  water 
surface  in  the  latter  tube  hence  is  at  the  same  level  as  that  of 
the  stream.  Both  lubes  are  provided  with  cocks  which  may 
be  closed  while  the  instrument  is  immersed,  and  it  can  be  then 
h'ficd  from  the  water  and  the  head  A  be  read  at  leisure^  It  is 
found  that  the  actual  velority  \=.  always  less  than  y/^gh,  and 
that  a  coefficient  must  be  deduced  for  each  instrument  by  mov- 
ing it  in  stitl  water  at  known  velocities.  Pitot 's  tube  has  the 
advantage  that  no  time  observation  is  needed  to  determine  the 
velocity,  but  it  has  the  disadvantage  that  the  distance  h  is 
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usually  very  small,  so  that  an  error  in  reading  it  has  a  large 
influence.  Although  the  instrument  was  improved  by  Darcy  in 
1856  and  used  by  him  for  some  stream  measurements,  it  was  for 
a  long  time  regarded  as  having  a  low  degree  of  precision. 

When  using  a  Pilot  tube  for  measuring  the  velocity  in  a 
stream,  the  two  columns  may  be  raised  above  the  level  of  the  water 
in  the  stream  and  brought  to  a  height  convenient  for  observati™ 
by  partly  exhausting  the  air  from  the  tubes  above  the  columns. 
This  procedure  is  analogous  to  the  imposing  of  an  air  pressure 
above  the  water  columns  in  the  case  of  high  heads,  as  was  de- 
scribed in  Art.  37. 

In  1888  Freeman  made  experiments  on  the  distribution  of 
velocities  in  jets  from  nozzles,  in  which  an  improved  form  of 
Pilot  tube  was  used.*  The  point  of  the  tube  facing  the  current 
w!is  the  tip  of  a  stylographic  pen,  the  diameter  of  the  opening 
being  about  0.006  inch.  Tliis  point  was  introtJuccd  into  differ- 
ent parLs  of  the  jet  and  the  pressure  caused  in  the  tube  was  meas- 
ured by  a  Bourdon  pressure  gage  reading  to  single  pounds. 
The  velocities  of  the  jets  were  high ;  for  example,  in  one  series 
of  observations  on  a  Jet  from  a  ij-inch  nozxie,  the  gage  pressures 
at  the  center  and  near  the  edge  were  51.2  and  iS.2  pounds  per 
square  inch,  which  correspond  to  velocity- heads  of  1 18.2  and  43.0 
feet,  or  to  velocities  of  87.2  and  52.0  feet  per  second.  By  com- 
puting the  mean  velocity  of  the  jet  from  measurements  in  con- 
centric rings  (Art.  39)  and  also  from  the  measured  discharge. 
Freeman  concluded  that  any  velocity  as  determined  by  the  tube 
was  smaller  than  that  computed  from  v  =  V5^i  by  less  than  one 
percent.  This  investigation  established  the  fact  that  the  Pitot 
tube  is  an  instrument  of  great  precision  for  the  measurement 
of  high  velocities. 

F.xperiments  on  the  flow  of  water  in  pipes,  in  which  Pitot 
tubes  were  successfully  used,  were  made  in  1S97  by  Cole  at  Terrc 
Haute,  and  in  1898  by  Williams,  Hubbcll,  and  Fcnkcll  at  Dctroit.t 
In  the  Detroit  experiments  the  lube  was  introduced  into  the  pipe 
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throu^  an  opening  provided  with  a  stufling-box,  so  that  the 
point  of  the  tube  might  be  placed  at  any  desired  po&ition.  The 
tubes  had  openings  at  their  points  ^j  inch  in  diameter  and  other 
t^wnings  of  the  same  size  on  their  slides  to  admit  the  static  pres- 
sure of  the  n-aier.  These  latter  openings  led  to  a  common  chan- 
nel parallel  to  that  leading  from  the  point,  and  each  of  these  was 
conDci^'tcd  to  a  rubber  hose  running  lo  a  differential  gage,  con- 
sisting of  two  parallel  glass  tubes  open  at  the  top.  where  the  dif- 
ference of  head  was  read  on  a  scale.  In  order  lo  be  able  todcduce 
the  velocities  in  the  pipe  from  the  readings  of  the  gage,  the  Pitot 
tubes  were  rated  by  moving  them  in  still  water  at  known  veloc- 
ities as  for  the  current  meter  (Art.  40).  Thus  a  coefficient  c.  was 
derived  for  each  lube  for  use  in  the  formula  v  =  c-  ^''2^/1.  This 
cocfKcient  was  found  to  range  from  0.86  to  0.95  for  different  tubes, 
and  it  varied  but  little  with  v. 

Many  different  forms  of  Titot  tvhts  have  been  made  and  ej 
mented  upon.  Kach  of  these  forms  has,  in  common  nith  the  others,' 
the  pressure  opening  which  faces  the  cum-nt,  though  the  thapc  and 
dimensions  of  this  opening  differ  materially  in  the  various  ty])cs.  In 
w>mc  "f  ihem  the  static  pressure  is  admitteil  lhn>ugh  a  ln>!e  in  (he  side 
of  the  apparatus,  while  in  others  it  is  admitted  through  a  number  of 
iuch  hole*.  In  anotlier  tj-pc  Uie  tube  is  made  symmetrical  with  an 
opening  looking  dowtistrram.  In  this  case  the  water  column  conn<.-ctrd 
with  the  upstream  opening  will  indicate  the  \xlodty  head,  while  that 

lectcd  with  lh«  opening  which  (aces  downstream  will  indicate 
pttssure  less  tlian  the  static  head  on  account  of  the  negative  head 
Induced  by  the  arrangement.  The  difference  between  the  two  columns 
is  thus  increased  and  its  reading  on  the  scale  rendi-n-d  more  easy,  while 
the  |m[>onianal  error  of  any  reading  is  also  reduced.  In  Fig.  He  is 
shown  a  (ormof  tube  used  bythe  U.S.  Geological  Survey*  for  ihemeas- 
urement  of  velocity  in  small  and  shallow  streams  in  connection  with 
experiments  on  the  trans|»oriing  caiKieilyof  currents,  while  in  Fig.  41rf 
is  shown  the  t>'pc  used  in  connection  with  the  Pitotmeter  (Art.  38). 
In  this  figure  b  »hown  also  the  melhoil  of  introducing  the  tubes  into 
ft  pdpe  where  the  i.-clocity  is  to  be  measured. 

Some  recent  comparisons  *  between  the  stili  and  moving  water 
ntings  of  Pitot  tubes  indicate  that  there  may  be  a  difference  between 

*  Eiittinei-ring  Ncns,  Aug.  tt,  1909. 
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the  results  obtained  by  these  two  mcthodis.  It  is  desirable,  of  course, 
thai  every  liistrumoit  should  be  rated  under  conditions  similar  to  those 
in  which  it  is  to  be  u»ed.    One  of  (he  ways  of  rating  a  Pitot  Lube 


I. 


Fig.  41c. 


in  running  water  is  that  suggested  and  used  by  Judd  and  KJnR* 
who  placed  the  tube  used  hy  them  at  the  contracted  section  of  a  jet 
and  concluded  that  its  cocflidoit  was  i.oo. 

Prob.  41.    ExpUin  how  a  well-rated  Pitot  tube  may  be  used  to  measure 
the  speed  of  a  boat  or  ship. 


Art.  42.    DisorssiON  op  Observations 


An  observation  is  the  recorded  result  of  a  measurement, 
measurements  arc  affected  with  errors  due  to  imperfections  of 
the  instrument  and  lack  of  skill  of  the  obserx'ers,  and  the  recorded 
results  contain  these  errors.  Thus,  if  6.05,  6.03,  6.01,  and  6.04 
inches  be  four  obser\'ations  on  the  diameter  of  an  orifice,  all  of 


*  Engineering  Nctn,  StpU  tj,  i<w6. 


DiscuBMon  of  Observations.     Art.  42 


105 


these  cannot  be  correct,  and  probably  each  is  in  oror.  The  best 
that  can  be  done  is  to  take  the  average  of  these  observations,  or 
6.03  inches,  as  the  most  probable  result^  and  to  use  this  in  the 
computations. 

An  observer  is  often  templed  to  reject  a  measurement  when 

it  differs  from  others,  but  this  can  only  be  allowed  when  he  is 

convinced  thiit  a  mistake  has  been  made.    A  mistake  is  a  large 

'  error,  due  generally  to  careles^tness,  and  must  not  be  confounded 

with  the  small  accidental  errors  of  measurement.    When  a  scries 

I  of  observations  is  placed  before  a  computer,  he  should  noer  be 

tpcnnittcd  to  reject  one  of  them,  unless  there  ts  some  remark  in 

the  note-book  which  costs  doubt  ui>on  it. 

Graphical  methods  of  discussing  and  adjusting  observations, 
like  that  mentioned  in  Art, 'iO,  are  of  great  value  in  hydraulic 
work.  As  another  example,  the  following  observations  made  by 
Darc>*  and  Bazin  on  the  flow  of  water  in  a  rectangukir  trough, 
1.813  meters  wide  and  having  the  uniform  slope  0.049,  may  be 
noted.  Water  was  allowed  to  run  through  it  with  varying  depths, 
^and  for  each  depth  the  mean  velocity  (Art,  39)  and  the  hydraulic 
mean  depth  (Art.  112)  was  determined  by  measurement.  Let 
»  be  the  mean  velocity  and  r  the  hydraulic  mean  depth ;  then  five 
measurements  gave  the  foUowinK  observations,  v  being  in  meters 
per  second  and  r  in  centimeters.    Let  it  be  assumed  that  the 
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relation  between  r  and  r  is  of  the  form  v  =  mr",  and  let  it  be  re- 
quired to  determine  the  most  probable  values  of  m  and  n. 

For  each  of  these  obscr\'ations  a  point  may  be  plotted  on  cross- 
section  paper,  taking  the  values  of  »  as  ordinates  and  those  of  r 
as  abscissas,  and  a  smooth  curx'c  may  then  be  drawn  so  as  to  agree 
as  nearly  as  possible  with  the  points,  Such  a  curve,  however, 
b  of  Uttle  assistance  in  determining  the  values  of  m  and  n.  unless 
the  cur\'e  should  be  a  straight  line  drawn  through  the  origin,  in 
which  case  it  is  plain  that  n  is  unity  and  that  m  is  the  tangent  of 
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tingle  that  the  line  makes  with  axis  of  abscissas.  In  this  case 
ftraight  line  can  be  drawn  approximating  to  the  points  and 
ling  through  the  origin,  but  the  plot  gives  the  curve  shown 
fig.  42i7.  If,  however,  the  logarithm  of  each  side  of  the  as- 
led  formula  be  taken,  it  becomes 

iog  V  =  tt  log  r  +  log  m 

th   represents  a  straight  hnc  if  log  v  be  considered  as   the 
ible  ordinate  and  log  r  as  the  variable  abscissa,  log  m  being 
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pntercept  on  the  axis  of  ordinates  and  «  the  tangent  of  the 
which  the  line  makes  with  the  axis  of  abscissas.     On  plot- 
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the  former  being  generally  a  little  smaller,  which  is  due  to  the 
fact  that  only  two  significant  fiji^urcs  are  found  from  the  plot. 

Whenever  a  series  of  plotted  points  can  be  closely  represented 
by  a  straight  line  on  logarithmic  section  paper,  (he  equation  be* 
tween  the  variables  is  an  exponential  one.  Numerous  exponential 
formulas  for  the  flow  of  water  in  pipes  and  channels  rest  upon 
the  judgment  of  the  investigator  in  deciding  that  the  plotted 
points  are  sufficiently  well  represented  by  a  straight  line. 

There  is  a  process,  known  as  the  Method  of  Least  Squares,  by 
which  the  constants  of  an  empirical  formula  nay  be  obtained  from  ob- 
ser\-ations  with  a  higher  cicKrcc  of  precision  than  by  any  graphic  method. 
Its  dpi^'cation  to  the  above  case  will  here  he  siven.  Let  the  simul- 
I  taneous  values  of  lo);  i>  and  lo^  t  for  each  experiment  be  placed  in 
the  Ic^arithmtc  formula  as  follows : 


for  Xo.  I, 

for  Xo.  3, 
for  No.  I, 
for  No.  4, 
for  No.  5, 


o.aj8  =  1.05711  +  logw 
aiQ7  =  i.i58»+  logm 
0-3^6=  i.).to»  + login 
0.367  =  i.iSjn  +  log  m 
o.39t  =  1.326k +  loRm 

These  five  equations  contain  twxi  unknon'n  (]uantitie»,  n  and  log  m, 
but  no  values  of  these  can  be  found  Ihut  will  exactly  satisfy  ;J1  the 
equations.  The  beit  that  can  be  done  is  to  find  the  values  that  ha^'c 
the  gn:ale»t  degree  of  probabOity,  and  these  will  satisfy  the  equations 
with  the  sn>aUcst  discrepancies.  To  do  this,  let  each  equation  be 
mu]tiplie<l  by  the  cwffident  ii(  n  in  that  ei|uiUici[i  am!  ihi-  results  lie 
added ;  also  let  each  equation  be  multiplied  by  the  coefficient  of  log  m 
in  that  equation  and  ihe  results  Ite  added.  Thus  are  found  the  two 
normal  equations  cofltaioing  the  two  unknown  quantities : 

i.qqS  =  7  ..t75»  +  6.o<;4  log  m 
l.6a(j  =  6.054N  +  5.000  log  m 

■od  the  solution  of  these  gives  n  =  0.571  and  log  m  ™  —  0.366. 
Since  —  0.366  equals  1.634,  the  value  of  «  is  0.431,  and  then 

logB"  0.571  logr  — 0.366     or     B  =  0,43I»"'**' 

is  the  empirical  formula  (or  this  particular  case. 

The  Method  of  Least  -Squares  is  usually  more  laborious  than  the 
^aphical  method,  but  it  has  the  great  advantage  that  its  results  are 
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lost  probable  ones  that  can  be  derived  from  the  given  data.  It 
the  further  advantage  that  all  computors  will  derive  the  same 
|ts,  whereas  in  the  graphic  method  the  results  will  usually  differ, 
use  the  position  of  the  line  drawn  on  the  plot  is  affected  by  the 
Jent  degrees  of  judgment  and  experience  of  the  draftsmen.  It 
seen  from  Fig.  426  that  it  is  not  very  easy  to  determine  close 
Is  of  log  m  since  the  plotted  points  are  so  far  away  from  the  origin, 

Irob.  42ii.  In  orcJtr  to  rale  a  certain  current  meter  four  observations 
llaken  in  still  water  as  follows: 

0.7  3.4  4.7       9.3  feet  per  second 

18  60  izo      140  per  minute 

|lhc  values  of  i;  and  h  in  the  formula  v  =  a  +  bn,  both  by  plotting  and 
method  of  least  squares. 

frob.  42ft.  Three  observations  of  horizontal  angles  are  made  at  the 
In  O.  which  pivc  AnB  =  62°i7',  BOC=2o''is'.  AOC  =  S2°S3'-  Ad- 
Ihese  observations  by  the  method  of  least  squares  so  that  the  large 
I  may  be  equal  to  the  sum  of  its  parts. 


I'elocity  of  the  car 
levolulions  of  meter 
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CHAPTER  5 


FLOW   OF   WATER   THROUGH   ORIHCES 

Art.  43.    Standard  Orifices 

Orifices  for  the  measurement  of  water  arc  usually  placed  in 
the  vertical  side  of  a  vessel  or  reser\'oir,  but  may  also  be  placed 
in  the  base.  In  the  former  case  it  is  understood  that  the  upper 
edge  of  the  opening  is  completely  covered  with  water ;  and  gen- 
erally the  head  of  water  on  an  orifice  is  at  least  three  or  four  times 
its  vertical  height.  The  term  "standard  orifice"  is  here  used  to 
signify  that  the  opening  is  so  arranged  that  the  water  in  flowing 
from  it  touches  only  a  line,  as  would  be  the  case  in  a  plate  of  no 
thickness.  To  secure  this  result  the  inner  part  of  the  opening  is 
1  definite  edge,  which  alone  is  touched  by  the  water.  In  pre- 
cise experiments  (he  orifice  may  be  in  a  meUUic  plate  whose 
ihicicncssis  really  small.asat.^  in  the  figuic,but  more  commonly 
it  is  cut  in  a  board  or  plank,  care  being  taken  that  the  inner  edge 
is  sharp  and  dctinitc.  It  is  usual  to  bc\'cl  the  outer  part  of  the 
orifice,  as  at  C^  so  that  the  escaping  jet 
may  by  no  possibility  touch  the  same 
except  at  the  inner  edges.  'I"he  term 
"orifice  in  a  thin  plate"  is  often  used 
to  express  the  condition  that  the  water 
shail  only  touch  the  edges  of  the  open- 
ing along  3  line.  This  arrangement 
may  be  regarded  as  a  kind  of  standard 
apparatus  for  the  measurement  of 
■  water;  for,  as  will  be  seen  later,  the  discharge  is  modified  when 
fthe  inner  edges  arc  rounded,  and  different  degrees  of  rounding 
give  different  discharges.  The  standard  arrangements  shown  in 
Fig.  43(1  arc  accordingly  always  used  when  water  is  to  be  mcasr- 
by  the  use  of  orifices. 
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The  contraction  of  the  jct  which  b  always  observed  when 
water  issues  from  a  standard  orifice,  as  described  above,  is  a  most 
interesting  and  important  phenomenon.  It  is  due  to  the  circum- 
stance that  the  particles  of  water  a*  they  approach  the  orifice 
move  in  converging  directions,  and  that  these  directions  continue 
to  converge  for  a  short  distance  beyond  (he  plane  of  the  orifice. 
It  is  this  contraction  of  the  jct  that  causes  only  the  inner  comer 
of  the  orifice  to  be  touched  by  the  escaping  water.  The  ai^>ear- 
ance  of  such  a  jct  under  steady  flow,  issuing  from  a  circular  ori- 
fice, is  that  of  a  clear  crystal  bar  whose  beauty  claims  the  ad- 
miration of  every  observer.  The  convergence  due  to  this  cause 
ceases  at  a  distance  from  the  plane  of  the  orifice  of  about  one-half 
itsMiameler.  Beyond  this  section  the  jet  enlarges  in  size  if  it  be 
directed  upward,  but  decreases  in  she  if  it  be  directed  downward 
or  horizontally. 

The  niiitraction  of  the  jct  is  also  observed  in  the  case  of  rec- 
tangular and  triangular  orifices,  its  cross-section  being  similar 

to  that  of  the  orifice  until  the 
place  of  greatest  contraction  is 
passed.  Fig.  4'-H>  shows  in  the  top 
row  cross-sections  of  a  jet  from  a 
square  orilicc,  in  the  middle  row 
those  from  a  triangular  one,  and 
in  the  third  row  those  from  an 
elliptical  orifice.  The  left-hand 
diagram  in  each  case  is  the  cross- 
section  of  the  jet  near  the  place 
of  greatest  contraction,  while  the  following  ones  are  cross-sec- 
tions at  greater  distances  from  the  orifice,  and  the  jets  arc  sup- 
posed to  be  moving  horizontally  or  nearly  so. 

Owing  to  this  contraction,  the  discharge  from  a  standard 
orifice  is  always  less  than  the  ihctiretic  discharge,  which,  from 
Arts.  22  and  30,  would  be  expressed  by 

0  =  aV2>  (43) 

where  a  is  the  area  of  the  orifice  and  h  the  head  above  its  center. 
It  is  evident  that  the  quantity  of  water  passing  the  plane  of  the 
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orifice  and  that  passing  llie  plane  of  the  contracted  section  in  any 
unit  of  time  arc  the  same,  an<l  since  there  probably  can  be  no 
appreciable  change  in  the  density  of  the  water,  there  must  there- 
fore be  an  increase  in  velocity  between  these  two  planes.  The 
reasons  for  such  an  increase  are  not  fully  known.  It  b  not  prob- 
able that  the  velocity  at  the  center  of  the  jet  changes  materially, 
butratherthal  the  increase  occurs  in  its  outer  filaments,  so  that  at 
the  contracted  section  they  are  all  traveling  parallel  with  each 
other  and  at  the  same  velocity.* 

It  is  the  object  of  this  chapter  to  determine  how  the  theoretic 
formulas  for  oriliccs  given  in  Chap.  3  are  to  be  modified  so  that 
they  may  be  used  for  the  practical  purposes  of  the  measurement 
^vof  water.  This  is  to  be  done  by  the  discussion  of  the  results  of 
^^ncperimcnts.  It  will  be  supfioscd,  unless  otherwise  state<I.  that 
[  the  size  of  the  orifice  is  small  compared  with  the  cross-section  of 
^■ihe  reservoir,  so  that  the  elTcct  of  velocity  of  approach  may  be 
"neglected  (Art.  24). 

Ptob.  43.  At  a  dtstann;  from  a  circtUur  orifice  of  one-half  iu  diameter 
a  jfl  has  a  (liainctcT  of  t  inch  and  a  veloriiy  of  i6  feel  per  second.  When  it 
is  directed  vcrtkaUy  downward,  what  is  the  diameter  of  a  scclion  s  feet 
lower?  When  it  i%  d'awletl  vertiuilly  upwnnl,  what  is  the  diumeier  uf  a 
KCtion  5  foct  higher  ? 

Art.  44.    Coeppicient  op  Contraction 

The  coefficient  of  contraction  is  the  number  by  which  the  area 

of  the  orifice  is  to  be  multiplied  in  order  to  give  the  arui  of  the 

section  of  the  jet  at  a  distance  from  the  plane  of  the  orifice  of 

about  oae~half  it^  diameter.    Thus,  if  o  be  the  coefficient  of  con- 

.iraction.  a  the  area  of  the  orifice,  and  a'  the  area  of  the  contracted 

rsection  of  the  jet.  then  ,  ,... 

•'  a'=e^  (44) 

(The  coefficient  of  contraction  (or  a  standard  orifice  is  evidently 

Jwa>'8  less  than  unit>'. 

The  only  direct  method  of  finding  the  value  of  c,  b  to  measure 

ly  calipers  the  dimensions  of  the  least  cross-section  of  the  jet. 
'  The  size  of  the  orifice  can  usually  be  determined  with  precision, 

*  Eniciiweniiii  Nem,  Sept.  it.  1906. 


U2 


Chap.  6.    Flow  of  Water  through  Orificcg 


• 


aiKl  wilh  care  almost  an  equal  precision  in  meastiring  the  jet.  To 
find  C(  for  a  circular  orifice  let  d  and  d'  be  the  diametcni  of  the 
sections  a  and  a';  tlien 

c.  =  a'/a  =  (d'/d)* 

Therefore  the  coefficient  of  contraction  is  the  square  of  the  ratio 
of  the  diameter  of  the  jet  to  that  of  the  orifice.  The  first  meas- 
urements were  made  by  Newton  *  who  found  the  ratio'of  <f  to  d 
to  be  2 1/35,  which  gives  for  c,  the  value  0.73.  The  ex[)erinients  of 
Bossut  gave  from  0.66  to  0,67  ;  and  Michelotli  found  from  0.57 
to  0.614  with  a  mean  of  0.61.  Eytclwein  gave  0.64  as  a  mean 
value,  and  Weisbach  mentions  0,63, 

The  following  mean  value  will  be  used  in  this  book,  and  it 
should  be  kept  in  mind  by  the  student : 

Coefficient  of  contraction  Ct  =  0.63 

or,  in  other  words,  the  minimum  cross-section  of  the  jet  is  62  per- 
cent of  that  of  the  orifice.  This  value,  however,  undoubtedly 
varies  for  different  forms  of  orifices  and  for  the  same  orifice  under 
different  heads,  but  little  is  known  regarding  the  extent  of  these 
variations  or  the  laws  that  govern  them.  Probably  c.  is  slightly 
smaller  for  circles  than  for  squares,  and  smaller  for  squares  than 
for  rectangles,  particularly  if  the  height  of  the  rectangle  is  long 
compared  with  its  width.  Probably  also  c,  is  larger  for  low 
heads  than  for  high  heads. 

Judd  and  King  in  1906, f  using  a  specially  constructed  pair  of 
calipers,  t  found  the  following  values  for  the  coefficient  of  con- 
traction for  standard  orifices: 

Orifice  diameter,  inches,    0.75       1.00       1.50      2.00       2.50 
Coefficient  of  contraction,  0.6134  0.6115  0.6051  0.6083  0.5955 

Prob.  44.  The  diameter  or  «  circular  orifice  is  1.995  inches.  Three 
raeasurements  of  the  diameter  of  the  contracted  section  of  the  jet  gave  1.55, 
1.56,  and  1 .59  inches.     Find  the  mean  coeflidenl  o(  contraction. 

*  PhilMophia:  Nsluralts  Principia  Msthcmatie*,  iCS;.  Book  TT,  prop.  j6. 
t  Enginccriug  News,  S«|it.  >7,  1906.  {  Science,  March  4,  1904. 
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Art.  46 

Art.  45.    Coefficient  of  Velocttv  1 

The  cocfRcient  of  velocity  is  the  number  by  wliich  the  theoretic 
velocity  of  flow  from  the  orifice  is  to  be  multiplied  in  order  to  give 
the  actual  velocity  at  the  least  cross-section  of  the  jet.  Thus,  if 
c.  be  the  cocffidtnt  of  velocity,  V  the  theoretic  velocity  due  to  the 
head  on  the  center  of  the  orilice,  and  ■»  the  actual  velocity  at  the 
contracted  section,  then 

The  coefficient  of  velocity  must  be  less  than  unity,  since  the 
force  of  gravity  cannot  generate  a  greater  velocity  than  that  due 
to  the  head.  d 

The  velocity  of  flow  at  the  contracted  section  of  the  jet  cannot 
be  directly  measured.  To  obtain  the  value  of  the  coefficient  of 
vdocity,  indirect  obser^-ations  have  been  taken  on  the  path  of  the 
jet.  Referring  to  Art.  25,  it  will  be  seen  that  when  a  jet  flows 
from  an  orifice  in  the  vertical  «dc  of  a  vessel,  it  takes  a  path  whose 
equation  is  y  =  jat^/jt*.  in  which  x  and  y  are  the  coordinates 
of  any  pcwt  of  the  path  measured  from  vertical  and  horizontal 
axes,  and  v  is  the  velocity  at  the  origin.  Now  placing  for  v  its 
value  c'^/igh,  and  solving  for  c,  gives 

TTierefore  f,  becomes  known  by  the  measurement  of  the  bead  h 
and  the  coordinates  x  and  y.  In  making  this  experiment  it  would 
be  well  to  have  a  ring,  a  little  larger  than  the  jet,  sui>ported  by  aj 
stiff  frame  which  can  be  moved  until  the  jet  passes  through  the! 
ring.  The  fiow  of  water  can  then  be  stopped,  and  the  coordinates 
of  the  center  of  the  ring  determined.  By  placing  the  ring  at 
different  points  of  the  path  different  sets  of  coordinates  can  be 
obtained.  The  value  of  x  should  be  measured  from  the  contracted 
section  rather  than  from  the  orifice,  since  v  is  the  velocity  at  the 
former  point  and  not  at  the  latter. 

By  this  method  of  the  jet  Bossut  in  two  experiments  found  for  , 
the  coefficient  of  velocity  the  values  0.974  and  0.980.  Michelotlii 
in  three  experiments  obtained  0.993,  0.998.  and  0.983,  and  Wcis- 
bacb  deduced  0.97S.    Great  precision  cannot  be  obtained  in  these 


114 


Chap.  5.    Flow  of  Water  thpoiijth  Orifices 


I 
I 


determinations,  nor  indeed  is  it  necessary  for  the  i)urpose9  of 

hj-draulic  investigation  that  c,  should  be  accurately  known  for 

standard  orifices.    As  a  mean  value  the  following  may  be  kept 

in  the  memory:      ^    «■..,,    .^ 

Loclhcicnt  of  vcloaty  c.  =  0.98 

or,  the  actual  velocity  of  flow  at  the  contracted  section  is  gS  per- 
cent of  the  theoretic  velocity.  The  value  of  c,  for  the  standard 
orifice  is  greater  for  high  than  for  low  heads,  and  may  probably 
often  exceed  0.99. 

Another  method  of  finding  the  coefficient  c,  is  to  place  the 
orifice  horizontal  so  that  the  jet  will  be  directed  vertically  up- 
ward, as  in  Fig.  22.  The  height  to  which  it  rises  is  the  velocity- 
head  Au=i'V2£,  in  which  i>is  the  actual  velocitj' c.v'j^A.  Accord- 
ingly, ha  =  c,^h,  from  which  c,  may  be  computed.  For  example 
if,  under  a  head  of  23  feet,  a  jet  rises  to  a  height  of  23  feet,  the 

coefSc-ient  of  velocity  is  

c  =  VAo/A  =  V23/2  3  =0.978 
This  method,  however,  fails  to  give  good  results  for  high  veloci- 
ties, owing  to  the  resistance  of  the  air.  and  moreover  it  is  impossi 
ble  to  measure  with  precision  the  height  Ao- 

For  a  vertical  orifice  Poncclel  and  Lesbros  found,  in  1838, 
that  the  coefficient  c,  was  sometimes  slightly  greater  than  unity, 
and  this  was  confirmed  by  Bazin  in  1893.  '^'^  '*  probably 
due  to  the  fact  that  the  head  is  greater  for  the  lower  part  of  the  d 
orifice  than  for  the  upper  part,  and  hence  Va^i  does  not  represent " 
the  true  theoretic  velocity.  The  same  experimenters  found  no 
instance  of  a  horizontal  orifice  where  the  coeOicient  exceeded  unity.  M 

Since  the  coefficient  of  velocity  is  the  ratio  between  ihc  cocfikicnt 
of  discharge  (.■Vrt.  40)  iiiid  the  coefficient  of  cunlrailion,  il  may  be     . 
computed  from  observations  on  these  quantities.     Thus  Judd  and  ■ 
King,*  using  the  average  of  the  coefficients  of  contraction  shown 
in  Art.  44  and  the  average  of  the  coefficients  of  discharge  shown  in 
Art.  46,  found  the  following : 

-  .    ,    ,     ...         coefficient  of  discharse     0.60664  * 

coefficient  of  velocity  =  — --. — -—, — rr—  =  — r^r —  =  o-990f«3 

'      cucfficicntolcontraction     0.60674 


EnsidceriDg  Nc«a,  Sqtl.  17,  xtpb. 


Coefficient  of  Dischar^.     Art.  49 
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iversinj;  the  jcU  wilh  a  Pilot  tube  they  also  determined  the  co* 
efUdcnt  of  vclodty  to  Kr  o-ygom  ^ml  showed  tti.it  the  velocity  at 
the  contracted  area  is  uiiifomi  throushout  ita  cross-section,  Frorq 
the  rcsulu  of  thene  experinientti  they  concluded  that  the  coefficient 
of  vx'locity  is  unity  und  hence  a<iopted  the  term  " frictionlcss  orifice" 
a&  deMirip'tivc  of  the  giaiticular  standard  oritict^  iisnl  l)y  litem. 

Prob.  45.  the  range  of  a  jet  is  13.5  feet  on  a  horixonlnl  plnnc  3.S3  feet 
brlotr  the  oriRcc  which  is  under  a  bend  of  14.38  feet.  Compute  the  cocffi- 
ciciitofvdodty. 

Art.  46.    Coefficiekt  or  Disoiasge 

The  coefficient  of  discharge  is  the  number  by  which  the  theo- 
retic discharge  is  to  be  multiplied  in  order  to  obtain  the  actual 
discharge.  Thus,  if  c  is  the  coefficient  of  discharge,  Q  the  thco- 
relica!,  and  q  the  actii:il  discharge  per  second,  then 

1=^  (46), 

Here  aJso  the  coefficient  c  is  a  number  less  than  unity. 

Tbe  coefficient  of  discharge  can  be  accurately  found  by 
sllowing  the  flow  from  an  orifice  to  fall  into  a  vessel  of  constant 
cruss-scction  and  measuring  the  heights  of  water  by  the  hook  gage 
(Art,  35).    Thus  q  is  known,  and  Q  having  been  computed, 

c  =  q/Q  (46), 

For  example,  a  drcular  orifice  of  o.i  foot  diameter  was  kept  un- 
deracfjnstant  head  of  4.677  fi-et ;  during  5  minutesand  jsj  seconds 
the  jet  flowed  into  a  measuring  vessel  which  was  found  to  contaio 
ij.ii  cubic  feet.    Here  the  actual  discharge  was 

g  =  17.28/332.2  =  0,08212  cubic  feet  per  second 
The  theoretic  di-vhargc,  from  formula  (30),  is 

0««-Xo.o5'X8.o2V'4.677  =0.1361  cubic  feet  per  second 
Then  tlie  coefficient  of  discharge  is  found  to  be 
c  =0.08112/0.1361  =0.604 

In  this  manner  thousands  of  e]t])erimcnLs  have  been  made  upon 
different  forms  of  orifices  imdcr  different  heads,  for  accurate 
knowledge  regarding  this  coefficient  is  of  great  im]x>rtaDce  in 
ptactical  hydraulic  work. 
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The  following  articles  contain  values  of  th«  coel^cient 
discharge  for  different  kinds  of  orifices,  und  it  will  be  seen  that 
in  general  c  is  greater  for  low  heads  than  for  high  heads,  greater 
for  rectangles  than  for  squares,  and  greater  for  squares  than  for 
circles.  Its  \'alue  ranges  from  0.59  to  0.63  or  higher,  and  as  a 
mean  to  be  kept  in  mind  the  following  value  may  be  stated : 

Coef&cient  of  discharge  c  =0.61 

or,  the  actual  discharge  from  a  standard  orifice  is,  on  the  average, 
about  61  percent  of  the  theoretic  discharge. 

The  coefficient  c  may  be  expressed  in  terms  of  the  coeffident* 
Cc  and  c„  Let  a  and  a'  be  the  area.s  of  the  orifice  and  the  cross- 
section  of  the  contracted  jet,  and  Q  and  q  the  theoretic  and  actual 
discharge  per  second.    Then,  since  a' /a  =Ce, 

a     a'c.v'jJeA     a' 
Q       aV^h      " 

and  therefore  the  coefficient  of  discbarge  is  the  product  of  the 
coefficients  of  contraction  and  velocity. 

The  coefficient  of  discharge  is  of  greater  importance  ttian  the 
coefficients  of  contraction  and  \'elocily,  since  it  is  the  quantity 
generally  used  in  making  measurements  of  water.  Tabulations 
of  its  values  for  all  practical  cases  are  given  below. 

Prob.  46.  The  diameter  of  a  contracted  ctrmUi  jet  ns  found  to  be 
0.79  tnchio,  the  diameter  of  the  orifice  being  i  inch.  Unilur  a  ImnuI  o(  16 
feet  the  actual  <Iischarge  per  miDUte  ms  founiJ  to  be  6.41  cubic  feet.  Find 
the  coefficient  of  \xtocity. 


I 


AET.  47.      CiRClJLAR    VERTlCAt  OilFKeS 

Let  a  circular  orifice  of  diameter  dheia  the  side  of  a  vessel 
and  let  k  be  the  head  of  water  on  its  center.  Then,  from  Art. 
22,  the  theoretic  mean  velocity  is  VagA,  and  from  Art.  30  the 
theoretic  discharge  is     q^^^j, v^ 

which  applies  when  A  is  large  conq>ared  with  d. 

To  deduce  a  more  exact  formula  let  the  radius  of  the  circle 
be  r,  and  let  an  elementary  strip  be  drawn  at  a  distance  y  above 
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the   center ;    the   length   of    this    is 

a  ^/r^—y*,  its  area  is  2&y\/r^—y',  and 

the  bead  upon  it  is  A  —  y.    Then  the 

-  theoretic  discharge  through  this  strip 

**        SQ^lSy  Vr^-yi  V2g(,h-y) 

To  intt-grulc  this   (A  — y)'  is   lo  be  rig", 

expanded  by  the  binomial  formula.    TTten  it  may  be  written 

Each  term  of  this  expression  is  now  integrable,  and  taking  the 
limits  of  _y  as  +  f  and  —  r  the  entire  circle  is  covered,  and  Q  is 
found.     Finally,  replacing  f  by  j  </  there  results 

which  is  the  theoretic  discharge  from  the  circular  orifice. 

It  is  plain  that  this  formula  gives  values  which  arc  always 
less  than  those  found  from  the  .ipproximate  formula  of  the  Urst 
rs^^ph.  Thus  for  h  =  d  the  quantity  in  the  parenthesis 
0.093  and  for  A  =  idli  is  0.998.  Hence  the  error  in  using  the 
ximale  formula  is  lcs.s  than  three-tenths  of  one  [wrccnt 
when  the  head  on  the  center  of  the  orifice  is  greater  than  twice 
its  diamclcr. 

For  most  cases,  then,  the  actual  discharge  from  a  circular 
vertical  orilicc  of  area  a  may  be  computed  from 

q  =  c-a  v'2gA  =  8.02  ca  Vk  (47), 

in  which  c  b  the  coefficient  of  discharge.  When  A  is  smaller 
than  two  or  three  limes  the  diameter  of  the  orifice,  and  when  pre* 
cistofl  is  required,  then 

9  =  |i  -0.007812 W/A)*  -  o.ooo3o6W/A)*|  8.02  ea  Vi    (47), 

the  formula  to  be  used.     Here  a  may  be  tikcn  from  Table  F 
rt.  205)  for  the  given  diameter  ex|>rcsscd  in  feet.  A  is  to  be 
n  in  feet,  and  then  q  will  be  in  cul>ic  feet  per  second. 
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^^^^^H             Chap.  6.      Flow  of  Water  through  Orifices 

^^^^^HTable  47(i  gives  values  uf  c  for  circular  oriiices  as  determined 

^^^^^|Hamiltun  Smith  in  a  discussion  of  all  the  best  experiments.* 

^^^^^Ky  :ippi>'  only  tu  standard  ori£ces  with  deEnitc  inner  edges. 

^^^^^|a1JLE    Ala.      COKVFICIENTS    FOR   CIRCULAR  VeKTICAL   OrIFICES 

^^^^^^^1  feet 

DlvaetFr  of  Or{6oe  in  Feet 

OrOJ 

0,04 

0,07 

0.1 

o.a 

0.6 

1.0 

0.637 

□.614 

0.618 

^^^^^1  O.S 

.630 

,6z6 

.618 

.6.S 

.613 

.610 

0.601 

O.S93 
■594 

0.590 

.6o[ 

^^^^^^^1    1.0 

.644 

-633 

.613 

.60S 

.600 

■595 

■59' 

^^^^H  i'5 

■6J7 

.618 

.60S 

.60s 

.600 

■596 

■S9J 

.6J2 
,629 

.614 

.607 
.605 

.604 
.603 

■S09 
-599 

.597 

■SQS 

.596 

■598 

.6^7 
.623 

.611 
,&o9 

.604 
.603 

.603 
,603 

■599 
■599 

■598 
■597 

■597 

■596 

^^^^■6.0 

.618 

.607 

.602 

.600 

.598 

■397 

.596 

^^^^Hs.o 

.614 

.605 

.60J 

.600 

■S98 

■596 

■596 

^^^^^^^Ho  0 

.611 

.603            .sgg 

.598 

■S57 

■396 

■S9S 
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of  one  or  two  units  in  the  last  figure,  the  third  figure  of  this  value 
of  9  is  subject  to  the  same  uncertainty. 

Judd  and  King  *  delermined  in  1906  the  following  values  of 
the  coefficient  of  discharge  for  circular  vertical  orifices ; 

Orifice  diameter,  inches  0.7s      1.00       1.50        a.oo  3.50 

Coefficient  of  discharge  0.611     0.6097    o-<^5    0.60S3      0.5956 

TTic  heads  under  which  the  observations  were  made  ranged  from 
5  to  90  feet  and  the  results  showed  no  appreciable  change  in  the 
coefficient  of  discharge  due  to  in(r«:as(--d  head.  For  example 
the  following  are  part  of  the  results  found  for  a  2-iach  orifice : 

Head  in  feet  =  5.00        p.oS        17.79        36.1a        S7-70        91.01 
Coefficient  c  ^  0.6084    o.6oS.)      a6o8o      0.6082      0.6081      0.60S0 

Biltonf  in  1907  made  a  series  of  experiments  on  orifices,  rang- 
ing from  0.035  *o  °-75  inches  in  diameter  and  determined  the 
following  coefficients  for  varj-ing  heads. 

Table  Alb.    Coeiticiems  op  Disciluge  for  Small  ORincES 


Dnd 

k 
a 

DUmriR  U  OrU«  In  tncbn 

OOJf 

ooi 

a.ia 

B.M 

OJO 

0-40 

0-19 

0,60 

o.ii 

e.s9 

<!^J4» 

IXJ»I 

A690 

».6;3 

o.«S 

0.651 

O.64J 

0644 

0.63  > 

(.00 

.748 

.717 

.6S0 

.6s(i 

.647 

.636 

.6jo 

,617 

.6tS 

1-00 

.74« 

.708 

.660 

.64* 

.630 

.614 

.611 

.618 

-613 

Axm 

748 

.607 

6S. 

Asa 

-6»7 

Jb^t 

An 

.6 18 

.61 J 

ft.oo 

.748 

.688 

A*7 

.630 

.6»7 

.6*4 

At\ 

.6(8 

.613 

S.OO 

A«j 

Mi 

.by> 

.6»7 

,6m 

Ati 

.618 

,6.3 

Experiments  m»de  in  190S  by  Strickland  J  on  standard  orifices 
I  and  2  inches  in  diameter  gave  results  for  the  coefficient  of  dis- 
charge ver>'  closely  represented  by  the  formula 

C  =  0.5925  +  &O18/A  (T 

*  Enciwcrtim  ^fnra.  Sq>t~  97.  1906. 

t  Prucndiost  Vkturian  Institute  oi  Ecifiinwrs,  Aualralb,  tgoS. 

}  TnuiuctiaMCaiuulian  Society  of  Civil  Engincen,  1909,  viot,  13.  |>.  198. 
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i: 


fci 


where  A  b  in  feet  and  d  in  inches.  ApplyioR  this  formula  to  an 
orifice  2  inches  in  diameter  under  a  head  of  19  feet,  c  is  found  to 
be  0.5951  while  the  experiments  indicated  a  value  of  0.5947. 

Prob.  47.  Compute  the  probable  actuul  <lixchai|p:  frocn  a  ciicuLkt  orifice 
8  inches  ID  diitmelur,  undci  a  head  of  15  inches. 

Akt.  48.    Square  Vertical  Oritices 

If  the  size  of  an  oriticc  in  the  side  of  a  vessel  is  small  compared 
with  the  head,  the  theoretic  velocity  of  the  outflowing  water  may 
be  taken  as  y/^gh,  where  h  is  the  head  on  the  center  of  the  orifice. 
For  a  rectangular  orifice  under  this  condition  tlie  theoretic  dts- 
charge  is  Q^bd^/^h 

where  b  is  the  width  and  d  the  depth  of  the  orifice.  When  b 
is  cc]ual  to  d,  the  rectangle  becomes  a  square. 

To  d(xiucc  a  more  exact  formula,  let 
Ai  be  the  head  on  the  upper  edge  of  the 
orifice  and  A;  that  on  the  lower  edge. 
Consider  an  elementarj-  strip  of  area  b  •  Sy 
at  a  depth  y  below  the  water  level.  The 
velocity  of  flow  through  this  elementary 
strip  is  y/^y,  and  the  theoretic  discharge  per  second  through  it  b 

BQ  =  bSyV2sy 

Integrating  this  between  the  limits  Ai  and  At,  there  results 

which  is  the  true  theoretic  discharge  from  the  orifice. 

To  ascertain  the  error  caused  by  using  the  approximate  for- 
mula, let  A  be  the  head  on  the  center  of  the  rectangle;  then  Aj 
=  A-|-  i  d  and  Ai  =  A  —  J  d.  Developing  by  the  binomial  formula 
the  values  of  A,'  and  A,  ,  the  last  formula  becomes 

and  this  shows  thai  the  discharge  computed  by  using  the  approx- 
imate formula  is  alwa>-s  too  great.    For  h  =  d,  the  quantity  in 


* o  -   •: 

Fij.48. 


i^,B. 
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the  parenthesis  is  0.989,  and  for  h  =  id,  it  is  0.997.  Accordingly, 
the  error  ot  the  approximate  formula  is  only  three-tenths  of 
one  percent  when  the  head  on  the  center  of  the  rectangle  is 
twice  the  dqilh  of  the  orifice. 

For  most  cases,  then,  the  actual  discharge  from  a  square 
vertical  oritkc  may  be  very  appro.iimalely  found  from 

q  =  c  ■  Ir' V 2^1  =  8.02  cb^Vk  (48), 

where  b  is  the  side  of  the  square  and  c  is  the  coefficient  of  dis> 
chofgc.  When  A  is  smaller  than  two  or  three  times  tlie  side  of  the 
orifice,  and  when  precision  is  required, 

}  =  SJ47Cfr(Aa*-A.*)  (48), 

is  the  formula  to  be  used.  The  linear  quantities  are  to  be  taken 
in  feel,  and  then  (/  will  l>e  in  cubic  feet  per  second. 

Table  48  gives  values  of  the  coefficient  c  for  standard  square 
orifices,  taken  from  a  more  extended  one  formed  by  Hamilton 


F 

Table  48. 

COF-FFiaENTS    FOB   SQUAKE   VERTICAL   OainCES 

Bad 

Side  of  Ibt  Squtrc  m  F«t 

aaa 

aai 

Mt 

S.I 

a.t 

tut 

ID 

0^ 

0**3 

O.61S 

0,611 

0.6 
c8 

0.M0 
.651 

.036 
.63. 

A>i 
Aio 

.6IT 
.6.5 

a.tej 

o.Sp8 
.600 

e.507 

.60s 

1.0 

.&4« 

.6)& 

AiS 

Aii 

-6*5 

.601 

SW 

>S 

.6*1 

.611 

.614 

.610 

.60s 

.601 

.601 

1.0 

3i 

■6M 

.6(9 
An 

.611 
.610 

A<yi 

.60s 
Aas 

.604 

.60J 
.601 

.604 

3^ 

A3> 
AM 

.616 
.614 

.609 
.60a 

Av, 
A06 

-60s 

A03 

60J 

.6o> 

6.0 

A13 

.611 

.607 

.60s 

.604 

A»i 

.6o» 

S.O 

At9 

At« 

.606 

.60s 

.604 

.603 

.601 

lOO 

Ait> 

.608 

.60s 

.604 

.603 

.601 

.6o( 

30A 

.606 

-(•a* 

.601 

.601 

.6ot 

.601 

.600 

■ 

Soo 

.601 

.   -6«>« 

.tet 

JkK> 

.600 

■S99 

•599 

F 

toao 

-SW 

■SOS 

.W8 

-S98 

■S98 

.J9» 

598 

Smith  in  1886  by  the  disrusAion  of  all  the  best  experiments. 
It  is  seen  that  the  coefficient  decreases  as  the  size  of  the  oritice 
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Chap.  8.     Flow  of  Water  through  Orifices 


increases  and  as  the  head  increases.  Comparing  this  tabic 
with  Tabic  47o  it  is  seen  that  the  coefficient  of  discharge  for  a 
square  is  always  slightly  larger  than  that  for  a  circle  having  a 
diameter  equal  to  the  side  of  the  square.  The  values  above  the 
horizontal  lines  in  the  last  three  columns  are  to  be  used  in  the 
exact  formula  {48)j  when  precision  is  required,  and  all  other  values 
in  the  approximate  formula  (48)|. 

There  arc  few  recorded  experiments  on  large  square  orifice*. 

Ellis  measured  the  discharge  from  a  vertical  orifice  a  feet  square* 

and  deduced  llie  following  coefficients  for  use  in  the  approxii 

formula:  ,       ,  , 

^m  for  h  =  2xyj  feet,  c  =  o,6i  t 

^^^^  for  A  =  3.05  feet,  c  =  0.597 

^^^fe  for  6=  3.54  feet,  c=  0.604 

L^ 

'  in 


I 


which  indicate  that  a  mean  value  of  0.60  may  be  used  for  I 
square  orifices  under  low  heads. 

Prob,  4S.   I-'irifl  fromiliclnblfihccoefficiViUforanorificc.iinchcssquare 
when  ibc  bead  on  iu  center  h  1.8  feet. 

Art.  49.     Rectangulak  Vertical  Orifices 

The  theoretic  formulas  of  Art.  48  apply  to  rectanglc-s  of  width 

b  and  depth  </,  and  the  approximate  formula  for  computing  the 

actual  discharge  is  ,  _  ^ 

q  =  cbd  y/igh  =  8.03  cbd  Vh  (49) 


in  which  c  is  the  coefficient  of  discharge,  b  the  width  and  d  the 
depth  of  the  rectangular  oritice.  and  A  the  head  on  its  center. 

Tabic  49  gives  values  of  the  coefficient  c  which  have  been 
compiled  and  rearranged  from  the  discussion  given  by  Fanning-! 
It  b  seen  that  the  variation  of  c  with  the  head  follows  the 
same  law  as  for  circles  and  squares.  It  is  also  seen  that  for  a 
rectangle  of  constant  breadth  the  coefficient  increases  as  the 
depth  decreases,  from  which  it  is  to  be  infcrr&d  that  for  a  rec- 
tangle of  constant  depth  the  coefficient  increases  with  the  breadth, 

•  Tran!Jn■tiun^  Ajncriimi  Soviet >'  oi  Civil  Knginccrt,  tS-jit,  vol.  j,  p.  91, 
t  TKatiic  on  Watcf  Supply  Buf^trtDi;  (.Nc*  Yoik,  >$SS>,  p.  loj. 
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Table  49.    CoEmnENTs  tor  RECTAScctJit  ORincES 
1   Foot  Widk 


* 


Rod 

t»plh  nl  Otifttt  In  FfTi 

o»l 

oil 

OM 

»i* 

1 0 

1  > 

■  A 

04 

a«34 

0^33 

ou6ia 

ft« 

^M 

.633 

.619 

0.614 

OlS 

*3i 

-633 

.618 

.6)1 

0.608 

t.o 

.63* 

.631 

.618 

At! 

.hoA 

0.6 16 

IS 

.6jo 

A3 1 

.618 

,611 

.60S 

.616 

O.61S 

IjO 

.619 

.6  JO 

.617 

^■1 

.60s 

.6*4 

.630 

»-5 

X^ 

.61S 

j6i6 

jbti 

.60s 

.616 

.6»7 

3^ 

.6*7 

.617 

Ais 

Al9 

,60s 

.6U 

.61  g 

4* 

^J4 

.614 

An 

.6og 

.60s 

.6ti 

.610 

6.0 

.61S 

.61J 

*» 

.604 

.601 

«06 

.610 

&A 

6«» 

.607 

-^J 

.601 

.6ot 

.601 

.604 

IOlO 

.606 

■603 

.601 

^1 

.601 

^i 

.boi 

MiO 

■601 

.601 

.601 

.601 

and  this  is  confinncd  by  other  experiment.^.  The  value  of  c  for  a 
rectangular  orifice  is  seen  to  be  only  slightly  larger  than  that  for 
a  square  whose  side  is  equal  to  the  depth  of  the  rectangle.  .\I1 
the  coefficients  in  this  table  are  for  the  above  approximate  for- 
mula, since  that  formula  was  used  in  computing  them. 

A  comparison  of  the  values  of  c  for  the  orifice  one  foot  square 
with  those  in  the  last  article  shows  that  the  two  sets  of  coefficients 
disagree,  these  being  about  one  percent  greater.  This  is  prob- 
ably due  to  the  less  precise  character  and  smaller  number  of 
experiments  from  which  they  were  deduced. 

Pmb.  -19,  Wtut  coiMtant  hca<t  is  required  to  <li»charge  5  cubic  feet 
of  water  per  sccood  through  an  orifice  3  inches  deep  and  t  a  inches  long  ? 


Art.  50.    Velocity  of  Approach 

It  was  shown  in  Art.  2-1  that  the  theoretic  \*clocity  of  flow  from 
[an  orifice  is  greater  then  VifiA  when  the  ratio  of  the  cross-sec- 
;  lion  of  the  orifice  to  that  of  the  ves.sel  or  tank  -is  not  small.  The 
isanu  is  true  for  the  actual  velocity,  but  formula  (24)i  must  be 
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modified  because  it  takes  no  accounl  of  the  contraction  of 
jet.  Let  V  be  llit:  velocity  at  the  contracted  section  of  the  jet 
and  a'  the  area  of  that  section  ;  let  Vx  be  the  velocity  through  the 
horizontal  cross-section  A  of  the  vessel ;  then  a'v  =  Api.  But 
if  a  be  the  area  of  the  orifice  and  c<  the  coefficient  of  contraction, 
then  a'  equals  ad  and  hence  (,av=  Ai\.  Now  the  effective 
head  on  the  orilicc  is 


S  =  k  + 


and  the  velocity  v  is  given  by  c.'^^gH  where  c,  is  the  coeflirienl 
of  velocity.  Substituting  in  the  last  equation  r'/isc'  for  //  and 
c^vafA  for  ri,  and  noting  that  c,c,  is  equal  to  the  coefficient  of 
dischargee,  it  reduces  to 

(50). 


^='^^1^ 


2gk 


Ha/ AY 

which  is  the  velocity  of  the  jet  at  a  section  distant  from  the  orifice 
about  one-half  its  diameter.  The  discharge  q  is  found  by  multi- 
pljing  this  by  the  area  c^  of  that  cross-section,  whence 


■ca 


^/= 


/  2gh 


2gh 


(50). 


is  the  formula  for  the  actual  discharge,  and  tlus  includes  no 
coefficient  except  that  of  discharge. 

These  formulas  apply  to  orifices  of  any  kind,  and  when  e 
equals  unity,  they  reduce  to  the  theoretic  expressions  established 
in  Art.  24.  When  a/ A  is  less  than  1/5,  as  i&  almost  always  the 
case  in  practice,  the  last  formuk  may  be  written,  with  sufficient 
precision,  ^  ^  ^^  ^  ^  (ca/A)>)ca  VTfk  (50), 

For  example,  let  a  square  tank,  4X4  feet  in  horizontal  cross>sec- 
tion,  have  a  standanl  square  orifice  one  square  fool  In  area,  and 
let  the  head  on  its  center  be  16  feet.  From  Tabic  48  the  coeffi- 
cient of  discharge  is  0.60,  and  the  formula  gives 

y  =  (i+o.ooo7)Xo.6oX  1X8.02X4=  19.3  cubic  feel  per  second 

For  this  case  it  is  seen  that  the  influence  of  velocity  of  approach 
is  expressed  by  the  addition  of  0.0007  to  unity,  which  is  an  in- 
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and, 
^Brou 


rrrase  of  less  than  one-tenlh  of  one  percent.  In  general  the 
increase  in  discharge  due  to  velocity  of  approach  k  expressed, 
when  a/A  ts  not  greater  than  1/5.  by  J  <^a(fi/Ay  \/igh. 

A  common  case  is  that  where  the  vessel  or  Unk  is  of  large 
hori»jntal  and  small  vertical  cross-section,  and  where  the  water 
approaches  the  oritice  nith  a  horizontal  velocity,  as  in  a  canal 
or  conduit.  Here  let  A  be  the  area  of  (he  vertical  cross-section 
of  the  vessel,  a  the  area  of  the  orifice,  and  h  the  head  on  its  center. 
,Thcn,  if  the  head  h  be  large  compared  with  the  depth  of  the  orifice, 
the  same  reasoning  applies  as  in  .-\rt.  24,  the  theoretic  velocity 
b  given  by  (24),  and  the  acttuil  discharge  by  (50)]. 

When  the  head  /;  is  not  targe,  let  /i,  and  ^  be  the  heads  on  the 
U[^r  and  lower  edges  of  the  orifice,  which  is  tal;en  as  rectangular 
and  of  the  nndth  b.  Let  v  be  the 
velocity  of  approach,  which  is  re- 
garded as  uniform  over  the  area  A . 
Then  by  the  same  reasoning  as 
that  in  Art.  24,  the  theoretic  ve- 
locity in  the  plane  of  the  orifice 
at  the  depth  y  below  the  water 
level  is  given  by  V"  =  7sy  -f  %^, 
The  theoretic  discharge  through  an  elementary  strip  of  the 
length  b  and  the  depth  hy  now  is 

iQ  =  {2gy^H'bty 

and,  by  integration  between  the  limits  Aj  and  A,,  the  total  theoretic 
harge  is  found.    If  i''.  2^  be  rejilacetl  bj-  h^,  the  head  which 
uld  cause  the  velocity  i',  the  theoretic  discharge  Ls 

e=  H  Vix  I(*i  +  A,)*  -{*,  +  *«)'!  (50),. 
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3^:^ 
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and  the  actual  discharge  q  is  found  by  multiplying  this  by  a' 
coefficient  of  discharge.    When  there  is  no  velocity  of  approach, 
the  formula  reduces  to  that  found  in  Art.  4^for  this  case. 

Prob.  oOit.  niicn  n  is  a  anoJI  quantity  coinpiired  with  unEly,  abow 
thai  {*  +  ny  -  1+  \  N,aDd  ihat  1/(1 -Hi)  "i—  n.  Deduce  fomiula 
(«^  from  («),. 
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Prob.  oOb.  In  the  caw  ot  horuontal  apiirouuh,  ui  M«n  in  Fig.  50,  com- 
pute the  dificliargc  wfhcn  ft  -  ^  feci,  *,  =  0.8  fcot,  Ai  =  o,  0  =  3.$  feci  per 
second,  and  c  -  0.6. 

AhT.  51.      SUDWERGED  ObIFICES 

It  is  showo  ia  Art,  23  that  the  c0cctivc  head  h  which  causes 
the  flow  from  a  submerged  orifice  is  the  difference  in  level  be- 
tween the  two  water  surfaces.  The  discharge  from  such  an  orifice, 
its  inner  edge  being  a  sharp  definite  one,  as  in  Tig.  4Sa,  has  been 
found  by  experiment  to  be  slightly  less  than  when  the  flow  oc- 
curs freely  into  the  air,  and  hence  the  values  of  the  coefficients 
of  discharge  are  slightly  smaller  than  those  given  in  Tables  47o, 
47b,  48, 49.  For  large  orifices  and  large  heads  the  difference  is  very 
small,  and  for  orifices  one  inch  sqviare  under  si.x  inches  head  it  is 
aboiil  1  percent.  In  all  cases  of  submerged  orifices  the  discharge 
is  to  be  found  from  q  =  ca  Vagh. 

Table  51  gives  values  of  the  coeflicient  of  discharge  for  sub- 
merged orifices  as  determined  from  cx|)crimcnts  made  by  Hamil- 
ton Smith  in  18S4.  The  depth  of  submergence  of  the  orifices 
varied  from  0.37  to  0.73  foot.  As  a  mean  value  of  the  coefficient 
of  discharge  for  standard  submerged  orifices  0.6  is  frequently 
ustd. 

Table  51.    Coefficients  ran  Suhueboud  Orihces 
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The  theoretic  discharge  from  a  submerged  orifice  is  the  same 
for  tile  same  effective  head  A,  whatever  be  its  di.iLani.-e  below  water 
level.    The  theoretic  velocity  in  all  parts  of  the  orifice  is  the 
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same,  as  may  be  proved  from  Fig.51,  where  the  triangles  ACD 
and  BCE  r^-prtsent  the  dUtribulioii  of  pressure  on  AC  aiid  BC 
when  the  orifice  is  closed  (Art.  17).  Mak- 
ing CP  equal  to  CE  and  drawing  BF,  the 
unit-pressure  on  BC  is  seen  to  have  the 
constant  value  DF.  Now  when  Uie  orifice 
is  opened,  the  vciority  at  any  point  de- 
pends on  the  unit-pressure  there  acting 
as  seen  by  (23),.  and  accordingly  the  the- 
octtic  velocity  is  uniform  over  the  section. 
For  this  reason  the  coefficients  of  discharge  probably  \'ary  less 
with  the  head  than  for  the  previous  cases. 

Submerged  orifices  art-  used  for  canal-locks,  tidi'-gates.  filter- 
beds,  for  the  {lischargc  of  wa^te  water  through  dani.s,  and  for  the 
admission  of  water  from  a  canal  to  a  powcr-planl.  The  inner 
edges  of  such  orifices  are  usually  rounded,  and  the  coefficient  of 
discharge  may  then  be  higher  than  0.9  (Art  53). 

Prob.  51.  .^n  criticu  ofif  inch  Kqiiurr  ina  itatc,  suchoKiihown  in  Fig.  19a, 
it  4.1  feet  bdon-  the  hjfchcr  natcr  level  and  j.i  feet  below  the  lower  level. 
Gnnputc  thcdischargc  In  cubic  feet  per  secuiid.  and  ulso  b  galloon  per  minute. 


Art.  52.    Si;ppbession  of  the  Contraction 

When  a  vertical  orifice  has  its  lower  edge  at  the  bottom  of 
the  reservoir,  as  shown  at  A  in  Pig.  .^2.  the  particles  of  water 
flowing  through  its  lower  portion  move  in 
lines  nearly  jJcqKnditular  to  the  plane  of  the 
orifice,  or  the  conlraction  of  the  jet  does  not 
form  on  ihc  lower  side.  This  is  called  a  case 
of  suppres-scd  or  Jnromplete  contraction.  The 
same  thing  occurs,  but  in  a  lesser  degree,  when 
the  lower  edge  of  the  orifice  is  near  the  bottom,  as  shown  at  B. 
In  like  manner,  if  an  orifice  be  placed  so  that  one  of  its  vertical 
edges  is  at  or  near  a  aide  of  the  rc5cr\'oir,  as  at  C,  the  contrac- 
tion of  (he  jet  is  suppressed  upon  one  side,  and  if  it  be  [tlaced 
at  the  lower  comer  of  the  reservoir  suppression  occurs  both  upon 
one  side  and  the  lower  part  of  the  jet. 


Fig.  12. 
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The  effect  of  suppressing  the  contraction  is,  of  course,  to  in- 
crease  the  cross-section  of  the  jet  at  the  pface  where  full  contrac- 
tion would  otherwise  occur,  and  it  is  found  by  experiment 
that  the  discharge  is  likewise  increased.  Experiments  abo  show 
that  more  or  less  suppression  of  the  contraction  will  occur  unless 
each  edge  of  the  orifice  is  at  a  distance  at  least  cquiil  lo  three  times 
its  least  diameter  from  the  sides  or  bottom  of  the  reservoir. 

The  experiments  of  T^sbros  and  Bidonc  furnish  the  means 
of  estimating  the  increased  discharge  caused  by  suppression  of  the 
contraction.  They  indicate  that  for  square  oritices  with  con- 
traction suppressed  on  one.  side  the  coefficient  of  discharge  is 
increased  about  3.5  percent,  and  with  contraction  suppressed- 
on  two  ^des  about  7.5  percent.  For  a  rectangular  nrifice 
with  ihe  contraction  suppressed  on  the  bottom  edge  the  per- 
centages are  larger,  being  about  6  or  7  percent  when  the  length 
of  the  rectangle  is  four  times  its  height,  and  from  8  to  1 2  percent 
when  Ihe  length  is  twenty  times  the  height.  The  percentage 
of  increase,  moreover,  varies  with  the  bead,  the  lowest  heads 
giving  the  lowest  percentages. 

It  is  apparent  thai  suppression  of  the  contraction  should  be  a\'oided 
if  accurate  results  are  dc&irvd.  The  experiments  from  which  Uie  al>ovB 
conclusion!)  are  deduced  were  made  upon  small  oritices  vdth  heads 
k-ss  th.^n  ft  feet,  and  it  is  not  known  how  they  will  apiily  to  larfje  ori- 
fices under  high  heads.  For  a  rectangular  orifice  of  length  about 
three  limes  its  height,  with  coi^traction  suppre.s.ted  on  the  ends  and 
bottom,  the  coefficient  of  discharge  is  probably  about  0.75. 

Prob,  52.  Compute  the  prwh.iblc  discharge  from  a  vertical  orifice  one 
fiioi  square  when  ilic  lit-'atl  on  its  upper  edge  is  4  feci,  the  contraction  being 
suppti-ssL-d  on  Ihi-  lowiT  edge.  Compute  the  <lischa(ge  for  the  same  data 
when  conlractioi'i  is  suppressed  on  all  sidcs- 

Art.  53.    OsincES  ^vith  Rounded  Edges 

When  the  inner  edge  of  the  orifice  b  made  rounded,  as  shown 
in  Fig.  53.  the  contraction  of  the  jet  is  modified,  and  tlic  dis- 
charge is  increased.  With  a  slight  degree  of  rounding,  as  at 
A,  a  partial  contraction  occurs:  but  with  a  more  complete  round- 
ing, as  at  C,  the  particles  of  water  issgg  perpendicular  to  the  plane , 
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Fig.  63. 


of  the  orifice  and  there  is  no  contrac-      [" 
tion  of  the  jet.     If  a  be   the  area  of     ,1' 
ihc  l«isl  cross-scclion  of  the  orilice,     y^ 
and  a   that  of  the  jet,  the  coefficient 
of  coDtractioD  as  defined  in  Art.  44  is     'i' 

et='a'/a  (53)        ij  j 

For  a  standard  orifice  with  sharp  inner 
edges  (Art.  43)  the  mean  value  of  c,  is  0.62,  but  for  an  orifice 
with  rounded  edges  c,  may  have  any  value  between  0.62  and  i.o, 
depending  upon  the  degree  of  rounding. 

The  coefficient  of  discharge  c  for  standard  orifices  has  a  mean 
value  of  about  0.61 ;  this  is  increased  with  rounded  edges  and  may 
have  any  value  between  0.61  and  1.0.  A  rounded  interior  edge 
in  an  orifice  is  therefore  alwaj-s  a  source  of  error  when  the  object 
of  the  orifice  is  the  measurement  of  the  discharge.  If  a  contract 
provides  that  water  shall  be  gaged  by  standard  orifices,  care  should 
always  be  taken  that  the  interior  edges  do  not  become  rounded 
cither  by  accident  or  by  design. 

Prob.  53.  Ulicn  an  orifice  with  rounded  cdgrs  has  a  cpcflkkat  oE 
vclodty  of  o-SS  and  a  cocf&cient  o[  discharge  of  0.73,  find  the  coefficient  of 
oootnctioo  of  the  jet. 


Akt.  54.    Water  Measureuent  by  Orifices 

In  order  that  water  may  be  accurately  measured  by  the  use 
of  orifices  many  precautions  must  be  taken,  some  of  which  have 
already  been  noted,  but  may  here  be  briefly  recapitulated.  The 
area  of  the  orifice  should  be  small  comparc<l  with  the  size  of  the 
reser\'CMr  in  order  that  velocity  of  approach  may  not  exist,  or 
if  this  cannot  be  avoided,  it  should  he  taken  into  account  by  for- 
mula (50)|.  The  inner  edge  of  the  orifice  must  have  a  definite 
right-angled  comer,  and  its  dimensions  arc  to  be  accurately 
determined.  If  the  orifice  be  in  wood,  care  should  be  taken  that 
the  inner  surface  be  smooth,  anil  that  it  he  kept  free  from  the 
slime  which  often  accompanies  the  flow  of  water,  even  when  appar- 
ently clear.    That  no  suppression  of  the  contraction  may  occur. 
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the  edges  i>f  the  orifia-  should  not  be  nearer  than  three  times  its 
least  dimension  to  a  side  of  the  reservoir. 

Oriiitfs  under  very  low  heads  should  be  avoided,  because 
slight  variations  in  the  head  produce  relatively  large  errors,  and 
also  because  the  toefficienl*  of  discharge  vary  more  rapidly 
and  are  probably  not  so  well  determined  as  for  cases  where  the 
head  is  greater  than  four  linics  the  dejith.  If  the  head  be  vcr>' 
low  on  an  orifice,  vortices  will  form  which  render  any  estimation 
of  the  discharge  unreliable. 

The  measurement  of  the  head,  if  required  with  precision, 
must  be  made  with  the  hook  gage  described  in  Art.  35,  For 
heads  greater  than  two  or  three  feet  the  readings  of  an  ordinary 
glass  gage  placed  upon  the  outside  of  the  rcser\-oir  will  usually 
prove  sufficient,  as  this  can  be  read  to  hundredths  of  a  foot  with 
accuracy.  An  error  of  o.or  foot  when  the  head  is  3,00  feet 
produces  an  error  in  the  computed  discharge  of  less  than  two- 
tenths  of  one  per  cent;  for.  the  discharges  being  proportional 
to  the  square  roots  of  the  heads,  the  square  root  of  3.01  divided 
by  the  square  root  of  3.00  equals  1.0017.  ^°^  l^*  rwde  measure- 
ments in  connection  with  the  miner's  inch  a  common  foot-rule 
will  usually  suffice. 

The  elTect  of  temperature  upon  the  discharge  remains  to 
be  noticed ;  this  is  only  appreciable  with  small  orifices  and  under 
low  heads  and  hence  such  orifices  and  heads  are  not  desirable 
in  precise  measurements.  Unwin  found  that  ihu  discharge  was 
diminished  one  percent  by  a  rise  of  144°  in  temperature;  his 
orifice  was  a  circle  0-033  feet  in  diameter  under  heads  ranging 
from  i.o  to  1.5  feet.  Hamilton  Smith  found  that  the  discharge 
was  diminished  one  percent  by  a  rise  of  55*  in  temperature;  his 
orifice  was  a  circle  0.02  feet  in  diameter  under  heads  ranging 
from  0.56  to  3.J  feet. 
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The  coefficient*  given  in  the  (able*  of  thi*  chapter  may  be  supposed 
liable  to  a  probable  error  of  about  two  units  in  the  third  decimal  place ; 
thus  a  (x>efBdcnt  aAi$  sltould  really  be  written  0.615  ^  0.007 ;  that  is,    ■ 
the  actual  value  is  as  likely  to  be  t)elwwn  0.61.1  and  0.617  SB  to  he 
outside  of  those  limits.    The  proluble  error  ld  computed  discharges 
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due  to  the  oxrfficienl  is  henc«  neurly  one-hutf  of  one  percent.  To 
this  are  added  the  errors  diw;  to  inaccuracy  of  observation,  so  that  it 
is  thought  that  the  probable  error  of  careful  work  with  Mandan]  cir- 
cular orifices  is  at  kast  one  percent.  The  computed  discharges  arc 
bence  liable  to  error  in  the  third  HJKriificant  figure,  so  that  it  h  useless 
to  carry  numerical  results  beyond  three  IJgunr«  when  based  upon  fibu- 
lar coeffidents.  As  a  prcdae  method  of  measuriag  small  quantities 
of  wmter.  stundard  oriAces  take  a  high  rank  when  the  ol>servatiofis  are 
oonductcd  with  care. 

Prob.  M.  If  r  i&  a  small  error  in  measuring  the  head  A.  show  that  the 
cnxir  in  the  coniputetl  ditchaige  f  due  to  this  cause  is  qe/ik. 


Art.  55.    The  Miner's  Inch 

The  miner's  inch  may  be  roiiglily  defined  to  be  the  quantity 
of  water  which  will  flow  from  a  vertical  standard  orifice  one  inch 
square,  when  the  head  on  the  center  of  the  orifice  is  6l  inches. 
From  Table  48  the  coefficient  of  discharge  is  seen  to  be  about 
0.633  *"d  accordingly  the  actual  discharge  from  the  orifice  in 
cubic  feet  per  second  \sq  =  i\i  X  0.623  ^  ^-^^  Vfi-s/ia  =  0.0255 
and  the  discharge  in  one  minute  is  60X0.155  =  1.53  cubic 
feet.  The  mean  value  of  one  miner's  inch  is  therefore  about 
1.5  cubic  feet  per  minute. 

The  actual  value  of  the  miner's  inch,  however,  tliffers  con* 
aderably  in  different  loc^tlilies.  Bowie  states  that  in  different 
counties  of  California  it  ranges  from  1.20  to  1.76  cubic  feet  per 
minute.*  The  reason  for  these  variations  is  due  to  the  fact  that 
when  water  is  bought  for  mining  or  irrigating  purposes,  a  much 
larger  (quantity  than  one  miner 's  inch  is  required,  and  hcntx-  larger 
orifices  than  one  square  inch  arc  needed.  Thus  at  Smartsville 
a  vertical  orifice  or  module  4  inches  deep  and  250  inches  long,  with 
a  bead  of  7  inches  above  the  top  edge,  is  9;iid  to  furnish  1000 
miner's  inches.  .Again,  at  Columbia  Hill,  a  module  12  inches 
deep  and  12}  inches  wide,  with  a  head  of  6  inches  above  the  upper 
edge,  is  said  to  furnish  joo  miner's  inches.  In  Montana  the  cus- 
tomary method  of  mcasurcmmt  is  through  a  vertical  rectangle, 

■  l^CBliie  DO  H)iln>ulic  Mining  (Sew  Voik,  1885),  p.  iM. 
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1  inch  deep,  with  a  head  on  Ihe  center  of  the  orifice  of  4  inches, 
and  the  number  of  miner's  inches  is  said  to  be  the  same  as  the 
nutiibtr  of  linear  inches  in  the  rectangle;  thus  under  the  given 
head  an  orifice  i  inch  det-i>  and  60  inches  long  would  furnish 
60  miner's  inches.  The  dbcharge  of  this  is  said  to  be  about 
1.25  cubic  feet  ptr  minulo,  or  75  cubic  feel  per  hour. 

The  following  are  the  values  nf  the  miner's  inch  in  difTerent 
parts  of  ttic  United  States;  in  California  and  Montana  it  is  es- 
tablished by  law  that.  40  miner's  inches  shall  be  the  equivalent 
of  one  cubic  foot  per  second,  and  in  Colorado  3S.4  miner's  inches 
is  the  equivalent.  In  other  States  and  Territories  there  is  no 
legal  value,  but  by  common  agreement  50  miner's  bchcs  is 
the  equivalent  of  one  cubic  foot  jier  second  in  Arizona,  Idaho, 
Nevada,  and  Utah;  this  makes  Ihe  miner's  inch  equal  to  t.2 
cubic  feet  per  minute. 

A  module  is  an  orifice  which  is  used  in  selling  water,  and  which 
under  a  constant  head  is  to  furnish  a  given  number  of  miner's 
inches,  or  a  given  quantity  per  second.  The  size  and  proportions 
of  modules  vary  greatly  in  didercnt  localities,  but  in  all  cases  the 
imjwrtant  feature  to  be  obscrx'ed  is  that  the  head  .ihould  be  main- 
tained neiirly  constant  in  order  that  the  consumer  may  receive 
the  amount  of  water  for  which  he  bargains,  and  no  more. 

The  simplest  method  of  maintaining  a  constant  head  is  by 
placing  the  module  in  a  chamber  which  U  provided  with  a  gate 
that  regulates  the  entrance  of  water  from  the  main  reservoir  _ 
or  canal.  This  gate  is  raised  or  lowered  by  an  insjiector  once  f 
or  twice  a  day  so  as  to  keep  the  surface  of  the  water  in  the 
chamber  at  a  given  mark.  This  plan  is  a  costly  one,  on  account 
of  the  wages  of  the  inspector,  except  in  works  where  many  modules 
are  used  and  where  a  daily  ins|)cction  is  necessary  in  any  e\'ent, 
and  it  is  not  well  adapted  to  cases  where  there  are  frequent  and 
considerable  fluctuations  in  the  water  surface  of  the  feeding  canal. 
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Numerous  methods  have  been  devised  to  secure  a  constant  head 
by  automatic  appliances;  for  instance,  the  gale  whidi  ailniiu  water  I 
into  the  chamber  may  be  made  to  rise  and  full  by  means  of  a  flout 
upon  the  surface ;  the  module  itself  may  be  made  to  decrease  in  size 
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wlien  the  water  ri-scs,  and  to  increase  when  it  falis,  by  a  gate  or  by 
II  t£^ring  piug  flfhich  moves  in  and  out  and  whos«  motion  U  con- 
trolled by  a  float.  In  another  variety  the  head  on  an  orifice  b  kept 
constant  by  placing  it  in  the  side  ul  a  v-(«<tel  which  is  movable  and 
whose  vertical  nKtvcment  is  proportional  to  the  rise  or  fall  of  the  water 
in  the  feeding  channel  or  reservoir.  These  self-acting  contrivances, 
however,  are  liable  to  get  out  of  order,  and  require  to  be  inspected 
more  or  less  frequently.*  Another  method  is  to  have  the  water  How 
over  the  crest  of  a  wdr  as  soon  as  it  reaches  a  certain  heifjht.t 

Tlie  UM  of  the  miner's  inch,  or  of  a  modtJe,  as  a  standard  for  sell- 
ing water,  is  awkward  and  confusing,  and  for  the  sake  of  uniformity 
it  is  greatly  to  be  <Ieured  tliat  water  shouhl  alwa}'^  lie  Imuxhl  and  sold 
by  the  cubic  fool  per  second.  Only  in  this  way  can  comparisons  readily 
l>c  made,  and  the  eonitumcr  be  sure  of  obtaining  exact  value  for  hts 
money. 

Prob.  55.  n'hen  a  miner's  inch  is  1.37  cubic  feet  per  minute,  how  many 
ttdbet'i  incbcs  will  be  lumiahcd  by  a  module  2  inches  deep  and  50  inches  long 
with  a  head  of  6  inches  above  the  upiwr  edge  t 


Art.  S6.    Loss  of  Energy  or  Head 

A  jet  of  water  flowing  from  an  orifice  possesses  by  virtue  of 
its  velocity  a  certain  kinetic  energy,  which  is  always  less  than  the 
theoretic  pott-nlial  energy  due  to  the  head  (Art.  26).  Let  h  be 
ihc  head  and  H*  the  weight  of  water  discharged  per  second,  then 
the  theoretic  energy  per  second  or  the  power  of  the  jet,  is 

K  =  Wh 

Let  V  be  the  actual  velocity  of  the  water  at  the  contracted  section 
of  the  jel ;  then  the  actual  energy  per  second  of  the  water  as  it 
passes  that  section  is       k  =  W-  ^/ig 

Now  let  c,  be  the  coefficient  of  velocity  (Art.  45)  j  then 
and  accordingly  the  actual  energy  of  the  jet  per  seoond  iS 


Tor  ileaatpttods  wf  tcvywl,  set  KnK'npt'ios  N'ent.  Dec.  17.  1908. 
t  Foote,  TwMirtioM*  Aimmtan  Switty  t iv il  E^niiincon,  18B7,  v«l,  ifr.p.  134. 
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The  efficiency  of  the  jt-t,  or  the  ralio  of  the  actuiU  to  Ibe  theoretic 
energy,  now  is  «=.*//:-£,»  (66) 

which  b  a  number  alwa>'s  less  than  unity. 

For  the  standard  orifice  the  mean  value  of  c,  h  o.()8,  and  hence 
a  mean  value  of  c,'  \a  0.96.  The  actual  energy  of  a  jet  from  such 
«n  urifice  is  hence  about  96  percent  of  the  theoretic  energy,  and 
the  loss  of  cncrgj-  is  about  4  ixrcent,  This  loss  is  due  to  the 
frictiunal  resistance  of  the  edges  of  the  orifice,  whereby  the  energy 
of  pressure  or  velocity  i*  changed  into  heat. 

In  the  plane  of  the  standard  orifice  the  velocity  b  slower  than 
8^  the  contracted  section  since  the  area  there  is  greater.  If 
Vi  be  this  velocity,  a  the  area  of  the  orifice,  and  a  that  of  the  jet 
at  the  contracted  section,  it  \&  clear  that  jFi=a'»  or  fi=Cr», 
where  c,  is  the  coefficient  of  contraction  0.62.  The  kinetic  energy  f 
in  the  planeof  the  orifice  is  W  ■  v,^/3g,0T  o.^'j  Wv'/ig,  or  0.37  Wh. 
Thus,  in  the  plane  of  the  orifice  4  percent  of  the  theoretic  energy 
is  lost  overcoming  friction,  37  pcrecnt  is  in  the  form  of  kinetic 
energy,  and  the  remaining  59  percent  exists  in  the  form  of 
pressure  energy.  This  59  percent  is  transformed  into  kinetic 
cncrgj-  when  the  water  has  reached  the  contracted  section. 

In  hydraulics  the  terms  "energ>""  and  "head"  arc  often  used 
ss  s>'non>'mous.  although  really  energy  is  proportional  to  head. 
Thus  the  pressure-head  that  causes  the  flow  is  h  and  the  velocity- 
head  of  the  issuing  jet  is  v'/2g,  and  these  are  proportional  to  the 
theoretic  and  effective  energies.  The  tost  head  **  is  the  differ- 
of  these,  or  _» 

n 

and  this  apj^ics  not  only  to  an  orifice  but  to  any  tube  or  pipe. 
Inserting  for  v>  its  value,  this  becomes 

ii'-(i -*.')* 

which  gives  the  lost  head  in  terms  of  the  total  head.     Inserting 
for  h  its  value  in  terras  of  v  reduces  this  to 
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vhich  fpvcs  the  lost  head  in  terms  of  the  velocity-head.  Thus, 
for  an  orifice  whose  coefficient  of  velocity  is  0,97  the  lost  head 
^k'  is  0.060  A  or  0.063  **/2K-  For  the  standard  orifice  the  lost 
liead  A'  is  0.040  A  or  0.041  li'/ig.  For  the  standard  orifice  A'  can 
also  be  exprcsswl  as  0.11  piV'Si  where  Vi  is  the  velocity  in  the 
pbne  of  the  orifice. 

Prob.  SQ.  VMidt  is  the  loss  of  bod  in  an  orifice  whose  coefficient  of 
vdodiy  is  unity  ? 


AST.  57.      DlSCHASGE   UNDER   A   DROPPING  H^AD 

If  a  vessd  or  reservoir  receives  no  inflow  of  water  while  an 
orifice  is  open,  the  head  drops  and  the  discharge  decreases  in 
each  successive  second,  Let  //  be  the  head  on  the  orifice  at  a 
certain  instant,  and  A  the  head  J  seconds  later ;  let  A  be  the  area 
of  the  uniform  horizontal  cross-section  of  tlie  vessel,  and  a  the 
area  of  the  orifice.  Then,  the  theoretic  time  t  is  given  by  the 
second  formula  in  Art.  32,  To  determine  the  actual  time 
the  coefficient  of  discharge  must  be  introduced.  Referring  to 
the  demonstration,  it  is  seen  that  oVafy-w  is  the  theoretic  dis- 
charge in  the  time  £/ ;  hence  the  actual  discharge  is  c  ■  a  ^/igyot, 
and  accordingly  a  in  the  above-mentioned  formula  is  to  be  re- 
placed by  ca,  or  ^ 

(57), 


/ ii^(Vff-VA) 

ca  V2g 


is  the  practical  formula  for  the  time  En  which  the  water  level 
dn^  from  //  to  A.  In  using  this  formula  c  is  to  be  taken  from 
the  tables  of  tlu»  chapter,  an  average  value  being  selected  cor> 
responding  to  the  average  head. 

Exi>erimenls  have  been  made  to  determine  the  value  of  c  by 
the  help  trf  this  formula;  the  liquid  being  allowed  to  flow.  A, 
,  B,  A,  and  (  being  obscr\-ed,  whence  r  is  computed  In  this 
may  c  for  mercurj-  has  been  found  to  be  about  0,62.*  Only  ap- 
proximate mean  values  can  be  found  in  this  manner,  since  c 
varies  with  the  head,  particularly  for  small  orifices  (Art.  47). 
For  a  large  orifice  the  time  of  descent  is  usually  so  small  that  it 


■  Donblt'a  Eknous  of  PtkUmI  Uytbaullci  (Londcm,  1875),  p.  1S7. 
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cannot  be  noted  with  precision,  and  the  friction  of  the  liquid 
the  sides  of  the  vessel  may  also  introduce  an  element  of  uncer- 
tainty, "further,  wfien  h  is  small,  a  vortex  forms  which  renders 
the  formula  unreliable.  This  experiment  has  tlierefore  little 
value  except  as  illustrating  and  confirming  the  truth  of  the  theo- 
retic formulas. 

The  discharge  in  one  second  when  the  head  is  ff  at  the  be- 
ginning of  that  second  is  found  as  follows  :  the  above  equation 
may  be  written  in  the  form 

VH  -  lea  y/ighA  =  Vh 

By  squaring  both  members,  transposing,  and  multiplying  by 
A,  this  may  be  reduced  to 

A{n-k)  =  tcaV2gi-\/U-lcay/2g/4A) 

But  the  first  member  of  this  equation  is  the  quantity  discharged 
in  /  seconds ;  therefore  the  discharge  in  the  first  second  is 

q  =  ca  VJsi  Vi/  —  ca  VtiI^A) 

HA  =  »,  this  bccomc-s  ca  Vigh,  which  should  be  the  case,  for 
then  n  would  remain  constant.  At  the  end  of  the  first  second 
the  water  level  has  fallen  the  amount '^/vl,  so  that  the  head  at 
the  beginning  of  the  second  second  is  H  —  q/A. 

For  example,  let  an  orifice  one  foot  square  in  a  reservcnr 
of  lo  square  feet  section  be  under  a  head  of  9  feet,  and  c  =  o.6oi. 
Then  the  discharge  in  one  second  is  13.9  cubic  feet,  and  the  head 
drops  to  7.61  feet.  The  discharge  in  the  next  second  is  12.7 
cubic  feet,  and  the  head  drops  to  6.34  feet. 

I'rob.  57.  I-'inil  the  lime  required  toHisclinrgc  4>^i[iillonsof  water  Trom 
an  orifice  1  itich«  in  diamelcr  at  8  feet  below  the  water  level  when  ihc  cxoia- 
xection  at  the  Utolc  is  4  X  4  feeU 

Art.  58.    Emptying  and  Filung  a  Canai-  Lock 

A  canal  lock  b  emptied  by  opening  one  or  more  orifices  in  the 
lower  gates.  Let  a  be  their  area  and  H  the  head  of  water  on 
them  when  the  lock  is  full ;  let  A  be  the  area  of  the  horizontal 
cross-section  of  the  lock.    Then  in  the  first  formula  of  tbc  last 
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article  A  =  o,  and  the  time  of  citiptyiriR  the  lock  is 

t  =  zA  Vy/ca  Vig  (58)' 

IS  the  discharge  be  free  into  the  air,  O  is  the  distJincc  from  the 
center  of  the  orilice  to  the  level  of  the  water  in  tlie  lock  when 
filled ;  but  if,  as  is  usually  the  case,  the  orifices  be  below  the  level 
of  the  water  in  the  tail  bay,  H  is  the  dilTerence  in  height  between 
ibc  two  water  levels.  The  tail  bay  is  regarded  as  so  large  com- 
pared with  the  lock  that  its  water  level  remains  constant  during 
the  lime  of  emptying. 

For  ex.imple,  let  it  be  required  to  find  the  time  of  emptying 
a  canal  lock  So  feet  long  and  20  feet  wide  through  two  oriticcft 
each  of  4  square  feet  area,  the  bead  upon  which  is  t6  feet  when  the 
lock  is  mted.  Using  for  c  the  value  0.6  for  orifices  with  square 
inner  edges,  the  formula  gives 

3X80X20X4 


t 


0.6X8X8.02 


■=  333  seconds  =  5!  minutes 


If,  howe^'er,  the  circumstances  be  such  that  c  is  0.8,  the  time  is 
about  250  seconds,  or  4J  minutes.  It  is  therefore  seen  that  it 
is  important  to  arrange  the  orifices  of  duichargc  in  canal  locks 
with  rounded  inner  edges. 

The  filling  of  the  lock  is  the  reverse  operation.  Here  the  water 
in  the  head  bay  remains  at  a  constant  level,  and  the  discharge 
through  the  orifices  in  the 

upper  Rates  decreases  with      jt- f-t~        * 

the  rising  head  in  the  lock. 
Let  //  be  the  effective  head 
on  the  orifices  wht-n  the 
_|ock  is  empty,  and  y  the 
lecljve  bead  at  any  time 
!  after  the  beginning  of  the 
Jischarge.  The  area  of  the 
section  of  the  lock  being 


Fi(.JW. 


A,  the  quantity  4fiy  is  discharged  in  the  time  St,  and  this  is  equal 
I  ca  y/igy  Bl,  if  a  be  the  area  of  the  orifices  an<l  c  tlu-  coefficient 
Bf  discharge.    Hence  the  same  expression  as  (58)  results,  and  the 
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times  or  filling  ami  emptying  a  lock  are  equal  if  the  orifices 
of  the  same  dimcRsions  and  under  the  same  heads.     TTtc  area 
required  for  the  orifices  may  be  found  for  any  case  from  (58) 
when  A,  U,  I,  and  c  are  given. 

Prob.  58.  A  lock  qo  (eti  long  and  lo  fitt  wide,  with  a  lift  of  ii  feel. 
contains  a  bout  weighing  500  net  Ions.  When  Ihc  lock  is  cmpiicd  in  order 
to  lower  the  boat,  how  much  water  Hows  from  the  lower  orificea?  If  the 
criMS'Seclion  of  these  uriTices  U  11.3  itquarc  feet  nnci  r  =  0.7,  what  is  the  time 
of  emptying  ? 

Art.  59.     Computations  in  Metric  Measures 

Most  of  the  formulas  of  this  chapter  are  rational  and  may  be  used 
in  all  systeni»  of  measures.  The  coefficients  of  contraction,  \'elocity, 
and  discharfie  are  abstract  numlwrs,  wWch  are  the  same  in  all  sys- 
tems, like  the  constants  of  mathematics.  In  the  metric  system  the 
area  a  is  lo  l>e  taken  in  square  meters,  the  head  A  iit  meters,  Va^ 
as  4.427,  and  then  the  <lischurgc  q  will  be  in  cubic  meters  per  second. 

(Art-  47)  For  *l.indard  circular  vertical  orifices  the  formulas 
(47}|  and  (47),  apply  to  tljc  metric  system  if  8.01  be  replaced  by  4.417. 
Ill  using  these  the  coefficient  r  may  be  taken  from  Table  59d  which 
has  been  adapted  to  metric  arguments  from  Table  47.     For  example,  if 

Table  59<i.    CoEFriciENTS  for  CiRcm.AR  Vertical  OnmcEs 

Antumcnls  in  Metric  Mciuum 
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the  (Itameler  of  the  orilicc  is  i.$  centimeters  and  the  head  on  its  center 
its  0.6  mcUTS,  interpolation  in  the  table  gives  the  value  of  c  3.t  0.606. 

(.\ri.48)  For  standard  square  vertical  oriBoes  the  formula.s 
(4S)i  and  (48),  are  changed  to  the  metric  system  by  substituting  4.417 
for  8.0J  and  1.951  for  S-.U7.  Tabic  596  gives  values  of  the  coefficient 
c  for  arguments  in  metric  mea.sures. 

Table  52b.    Coefficients  for  Sqc^re  Vertical  Orifices 

Ai^tncnts  in  Metric  Measures 
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(Art.  49)  Table  49  has  not  been  transformed  into  one  with  metric 
■TKunicnts,  as  it  applies  only  to  the  special  case  «herc  the  rectangular 
orilicv  is  one  foot  wide.  If  the  heads  in  the  first  column  are  changed 
into  BK-ters,  by  writing  o.ii  meters  for  0.4  feet.  0.18  meters  for  0.6 
'f«eL,  etc,  and  the  numbers  at  the  top  are  changed  into  centimeters 
by  writing  3.8  centimeters  for  o.us  feet,  7.6  centimeters  for  0.15  feet, 
etc.,  the  table  will  be  ready  for  use  with  metric  arguments  for  rec- 
tangular orilkes  30.5  centimeter  wide. 

(.Art.  55)    The  miner 's  inch,  when  the  head  on  the  center  of  the 
is  16,5  centimeter*,  is  0.0433  cubic  meters  or  43.3  liters  jier 


(Art.  58)  In  using  (iW)  in  the  metric  system,  a  and  /I  *re  to  be 
'taken  in  ^iiare  meters,  //  in  meters,  g  as  o.So  meters  per  second 
I  per  ^second,  and  Vi;  a&  4.427 ;  1]  will  then  be  found  in  cubic  meters. 

Trob.  5dit.  Micbcloili  found  the  range  of  a  jet  to  be  6.15  meien  on 
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zonlal  plane  i.ji  melcrs  below  the  vertical  orifice,  which  was  under  a 
3f  7. II)  meters.     Compute  the  coefficient  of  velocity. 

^rob.  59b.    An  orifice  3  centimeters  square  was  under  a  constant  head 
neters,  and  during  j.^o  seconds  the  jet  flowed  into  a  tank  which  was  found 
Intain  u;?  liters.     Show  that  the  coefficieot  of  discharge  was  0.613. 

'rob.  59f.  Find  from  the  table  the  coefficient  of  discharge  for  a  standard 
liar  orifice  2.5  centimciers  in  diameter  under  a  head  of  3.5  meters. 

Proh,  5ft/.   Compute    the    discharge    through   a   standard    orifice    7.5 
nctcrs  square  under  a  head  of  8  meters. 

hrub.  5^k.  Compute  tht  lime  required  to  empty  a  canal  lock  7  meters 
land. 12  mttLTs  long  through  an  orifice  of  0.9  square  mctcrsarea,  the  head 
le  center  of  the  orifice  being  5.1  meters  when  the  lock  is  filled. 


Standim)  Wuirs.     Ari.  60 
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CHAPTER  6 

FLOW   OF   WATER   0\'ER   WEIRS 

Art.  00.    Standard  Weirs 

A  wcir  is  a  notch  in  the  top  of  the  vertical  side  of  a  vessel  or 
voir  through  which  water  flows.  The  notch  is  generally 
Ctangular,  and  the  word  "weir"  will  be  useii  to  designate  a 
rectangular  notch  unless  otherwise  specified,  the  lower  edge  of 
ihc  rectangle  being  truly  horizontal,  and  its  sides  vertical.  The 
lower  edge  of  the  rectangle  is  called  the  "cr«st"  of  the  weir.    In 


nc-ooo. 


Fis  ook 


Fig.  60a  is  shown  the  outline  of  the  most  usual  form,  where  the 
vertical  edges  of  the  notch  arc  sufhcicntl)'  removed  from  Uic 
sides  of  the  reservoir  or  feeding  canal,  so  that  the  sides  of  the 
stream  may  be  fully  contracted ;  this  is  called  a  weir  with  end 
contractions.  In  the  form  of  Fig.  tiOft  the  edges  of  the  notch  arc 
coincident  with  the  sides  of  the  feeding  canal,  so  that  the  filaments 
of  wa.ter  along  the  sides  pass  over  without  being  deflected  from 
the  verlical  planes  in  which  they  move ;  this  is  cnlletl  a  weir  with- 
out end  contractions,  or  witli  eml  contractions  suppressed.    Both 


• 
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kinds  of  weirs  are  extensively  used  for  the  measurement  of  wat'eT 
in  engineering  operations. 

It  is  ncccssarj-  in  order  to  make  accurate  measurements  of 
discharge  by  a  weir  that  the  same  precaution  should  be  taken  as 
for  orifices  (Ait.  a4),  namely,  that  the  inner  edge  of  the  notch 

J&liall  be  a  deliiiile  angular  comer  so  that  the 
-^=_--JW^    water  in  flowing  out  may  touch  the  crest 
^^^g:t','^    only  in  a  liiie,  thus  insuring  complete  con- 
?E^^l3    traction,  as  in  Fig.  61.     In  precise  observa- 
-^    lions  a  thin  mclai  plate  will  be  used  for  a 
*^***  crest,  while  in  common  work  it  may  be 

sufficient  to  have  the  crest  formed  by  a  plank  of  smooth  hard 
wood  with  its  inner  comer  cut  to  a  sharp  right  angle  and  its  outer 
edge  beveled.  The  vertical  edges  of  the  weir  should  be  made  in 
the  same  manner  for  weirs  with  end  contractions,  while  for  those 
without  end  contractions  the  sides  of  tlie  feeding  canal  should  be 
smooth  and  be  prolonged  a  slight  distance  beyond  the  crest.  It 
is  also  necessary  to  observe  the  same  precautions  as  for  orifices 
to  prevent  the  suppresaon  of  the  contraction  (Art.  52).  namely, 
that  the  distance  from  the  crest  of  the  weir  to  the  bottom  of  the 
feeding  canal,  or  reservoir,  should  be  greater  than  three  times  the 
head  of  water  on  the  crest.  For  a  weir  with  end  contractions  a 
similar  distance  should  exist  between  the  vertical  edges  of  the 
weir  and  the  sides  of  the  feeding  canal.  A  standard  weir  is  one 
in  which  these  arrangements  have  been  carefully  carried  out. 

The  head  of  water  H  upon  the  crest  of  a  weir  ts  usually  much 
less  than  the  breadth  of  the  crest  b.  The  value  of  U  should  not 
be  less  than  o.i  feet,  and  it  should  not  exceed  4.5  feet  in  order 
to  keep  within  the  range  of  experiments  on  the  standard  weir. 
The  least  value  of  b  in  practice  is  about  0.5  feet,  and  it  docs  not 
often  exceed  20  feet.  Weirs  are  extensively  used  for  measuring 
the  discharge  of  small  streams,  and  for  determining  the  quantity 
of  water  supplied  to  hydraulic  motors ;  the  practical  importance 
of  the  subject  is  so  great  that  numerous  experiments  have  been 
made  to  ascertain  the  laws  of  flow,  and  the  coefficients  of  discharge. 

the  head  on  the  crest  of  a  weir  is  small,  it  must  be  deter* 
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mined  with  precision  in  order  to  a%'oid  error  in  the  computed  dis- 
chiirge,  Tlie  hook  gage  illustrated  in  Art.  35  is  generally  used 
for  accurate  work  in  connection  with  hydraulic  motors,  and  Ihe 
simpler  form,  con^Ung  of  a  hook  set  into  a  leveling  rod,  is  usually 
of  sufficient  precision  for  many  cases.  For  rough  gugiiig&  of 
streams  the  heads  may  be  determined  by  setting  a  post  a  few  feet 
upstream  from  the  war  and  on  the  same  level  as  the  crest,  and 
measuring  the  depth  of  the  water  over  the  top  of  the  post  by  a 
^ scale  graduated  to  tenths  and  hundreillhs  of  a  foot,  the  thou- 
J  sandths  being  either  estimated  or  omitted  entirely. 

The  head  H  on  the  crest  of  the  weir  is  in  all  cases  to  be  meas- 
ured several  feet  upstream  from  the  crest,  as  indicated  in  Fig. 
60c.  This  is  necessary  because  of  the  curve  taken  by  the  surface 
of  the  water  in  approaching  the  weir.  The  distance  to  which 
this  cur^'e  extends  back  from  the  crest  of  the  wdr  depends  upon 
many  drcumaunces  (Art.  70),  but  it  is  generally  tonaidcred  that 
perfectl)'  level  water  will  be  found  at  a  cm*  5  feel  back  of  the  crest 
for  small  weirs,  and  at  6  or  8  feet  for  very  lai^e  weirs.  It  is  de- 
sirable that  the  hook  should  be  placed  at  least  one  foot  from  the 
sides  of  the  feeding  canal,  if  possible.  As  this  is  apt  to  render  the 
position  of  the  observer  uncomfortable,  some  experimenters  have 
placed  the  hook  in  a  pail  a  few  feet  away  from  the  canal,  the  water 
being  led  to  the  pail  by  a  pipe  wliich  joinit  the  feeding  canal  sev- 
eral  feet  back  from  the  crest,  and  the  water  should  enter  this  pipe, 
>t  at  its  end,  but  through  a  number  of  holes  drilled  at  inter- 

irals  along  its  circumference.  Piezometers  (Art.  36)  consisting 
of  a  glass  tube  and  scale  are  also  sometimes  used  for  large  heads, 
the  water  being  led  to  the  tube  by  such  a  pipe.  A  rough  method 
of  measuring  the  head  is  to  hold  a  common  foot  nile  on  a  post  set 

rith  its  top  on  the  same  level  as  the  crest  and  upstream  from  it. 

In  a  case  where  it  is  desired  to  obtain  the  highest  degree  of 
luxruracy  care  should  be  taken  to  reproduce  as  nearly  as  possible 
^  the  conditions  which  obtained  under  the  experiments  from  which 
the  coefficients  to  be  used  were  obtained.  This  is  particularly 
true  of  the  manner  in  which  the  head  b  to  be  measured.  Thus 
Poncelet  and  Lesbrus,  whose  experimental  results  have  been 
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recomputed  by  Hamilton  Smith,  measured  the  head  in  a  reservoir 
11.48  feel  upstream  from  the  weir.  Francis*  in  some  of  his 
experiments  measured  ihe  hi.-ad  willi  a  hook  gage  in  a  wooden 
atilting  box,  having  a  hole  one  inch  in  diameter  in  its  bottom  which 
was  placed  at  a  level  of  about  four  inches  below  the  crest  of  the 
weir  and  about  6  feet  upstream  from  it.  Ftcley  and  Slcarns  t 
measured  the  head  with  a  hook  gage  in  a  pail  placed  below  the 
weir,  the  pail  being  connected  to  the  channel  above  the  weir  at 
a  point  6  feet  upstream  from  the  crest.  Baziii  t  1°  his  work  on 
standard  thin-cdgcd  weirs  measured  the  head  in  pits  1640  feet 
upstream  from  the  weir.  One  pit  w;is  placed  on  each  side  of  the 
channel  of  approach  and  connected  with  it  through  an  opening 
4  inches  in  diameter,  the  opening  being  exactly  flush  and  at  right 
angles  to  the  channel. 

A  valuable  discussion  by  Horton,§  in  which  he  tabulates  the 
rcsulti  of  many  experiments  made  on  weirs  up  to  1907,  is  strongly 
recommended  for  reference. 

In  cases  where  the  flow  of  water  to  be  mea-tured  is  constant  it  is 
best  thiit  .1  number  of  observations  of  the  head  on  the  mciisuring  weir 
should  be  taken  and  their  mean  used  in  compming  the  quantity. 
In  mo.ll  practical  case.*,  however,  the  flow  is  o>nsiantly  tluctuatinx> 
and,  in  order  thut  the  total  quantity  may  be  accurately  determined, 
observations  at  frequent  interval.i  mu.tt  be  taken.  It  may  be  best 
in  some  cases,  for  convenience  or  where  a  high  degree  of  refinement 
is  required,  to  install  an  instrument  such  as  that  described  in  Art.  34 
(or  automatically  and  conlinuously  recording  the  head.  Where  such 
a  record  has  been  obtained,  it  will  not  do  to  ^mply  average  thc^heads 
and  u.ie  the  resulting  figure  in  the  formula  for  the  discharge.  Since 
the  discharges  var>'  with  the  three-halves  power  of  the  head,  it  is 
neces.<iary  to  compute  them  for  various  in.itants  which  are  so  selected 
that  the  computed  discharges  can  be  fairly  averaged  before  multiply- 
ing  by  the  total  time  between  llie  l>cj^nning  and  end  of  the  tcsts'in 
order  to  obtain  the  toul  quantity  wluch  has  parted  over  the  weh*. 
No  definite  rules  can  be  laid  down  for  this  procedure,  but  e^-eiy  case 

•  Lowell  HydtBulk  Eipcrimcfils  (4tli  cctltion,  N'ew  York.  1SS3). 

t  Truaiactiun*  .Amvriciiii  Socivty  ot  Civil  Kniinrcrt.,  v»! .  i  j, 

I  Tr»nsktcd  in  Proceeding  of  Knginccrs  Club,  Philmltlphia.  i-ols.  7.  i),  10, 

}  Water  Supply  unil  Irilgailo.i  Pi>.pei  No.  100,  U.  S.  Ccubjiiuil  Survey. 
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should  be  studied  and  a  plan  be  adojited  whidi  will  giw  the  fe»u11s 
desired  with  the  required  degree  of  accuracy. 

Prob.  <iO.  Tbc  iruugli  of  2  weir,  severnl  feet  t»dc  from  the  cnst.  is 
6  fret  wide,  and  the  <l«|>lh  i>(  wattr  iii  It  it.  1.96  feet.  What  is  the  mean 
vcliK-jty  tu  lliia  trough  when  the  flow  over  the  weir  is  4.14  cubic  fc«t  per 
Koond? 

Art.  61.     Formuias  for  Dlscuarce 


Ppect 
zcrc 


Referring  to  the  demonstration  of  An.  48  it  tt  seen  that  a 
angular  orifice  becomes  a  weir  when  the  head  on  its  top  is 
zero.  Let  b  be  the  breadth  of  the  notch,  commonly  called  the 
length  of  the  crest,  and  //  the  head  of  water  on  the  crest.  Then 
rqiladng  Ai  by  o  and  A,  by  U,  the  theoretic  discharge  per  second  is 

Q=iV2^-bn*  (61). 

The  head  H  is  not  the  depth  mciLiurcd  in  the  vertical  plane  of  the 
cnst,  for  since  the  deduction  of  the  formula  assumes  nothing  re- 

.rding  the  fall  due  to  the  surface  cur\'c,  and  regards  the  velocity 
at  any  point  vertically  over  the  crest  as  due  to  the  head 
upon  that  point  below  the  free  water  surface,  it  seems  that  // 

lould  be  measured  with  reference  to  that  surface,  as  h  actually 
done  by  the  hook  gage.  The  above  formula  then  pvcs  the 
■theoretic  discharge  per  secotid,  provided  that  there  be  no  velocity 
«t  the  point  where  //  is  measured,  which  can  only  be  the  case 
when  the  area  of  the  weir  oijcnlng  is  very  small  compared  to  that 
of  the  cross-section  of  the  feeding  canal.  I'his  condition  would 
be  fulfilled  for  a  rectangular  notch  at  the  side  of  a  large  pond. 

When  there  is  an  appreciable  velocity  of  approach  of  the  water 
at  the  point  where  //  is  measured  by  the  hook  gage,  the  above 
formula  must  be  modified.  Let  v  be 
the  mean  velocity  in  the  feeding  canal 
at  this  section ;  this  velocity  may  be 
lardcd  as  due  to  a  fail,  h,  from  the 
surface  of  still  water  at  some  distance 
upstream  from  the  hook,  as  shown  in 
F^.  61 .  Now  the  true  head  on  the  crest  of  the  weir  ia  R  +  h, 
jsinoe  this  would  have  been  the  reading  of  the  hook  gage  had  it 
kbcco  placed  where  the  water  had  no  velocity.    Hence  the  theo* 
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rctic  discharge  per  second  over  the  wcir  ts 

in  which  H  is  read  by  the  hook  and  A  is  to  be  determined  from 
the  mean  velocity  v. 

The  actual  discharge  is  always  less  than  the  theoretic  dis- 
chat^e,  due  to  the  contraction  of  the  iitream  and  the  resistances 
of  the  edges  of  the  weir.  To  take  account  of  these  a  coefficient 
is  applied  to  the  theoretic  formulas  in  the  same  manner  as  for 
orifices;  these  coefTicients  being  determined  by  experiment,  the 
formulas  may  then  be  used  for  computing  the  actual  discharge. 
It  was  also  proposed  by  Hamilton  Smith  to  modify  the  head  A, 
owing  to  the  fact  thai  the  velocity  of  approach  is  not  constant 
throughout  the  section,  but  greater  near  the  surface  than  near 
the  bottom,  as  in  conduits  and  streams  fArt.  I25>.  Accordingly 
the  following  is  an  expression  for  the  actual  discharge: 

in  which  c  is  the  coefhcient  of  discharge  whose  value  is  always 
less  than  unity,  and  ff  is  a  number  which  lies  between  i.oand  1,5. 
For  the  English  system  of  measures  a  mean  value  of  Vijc  is  S.030, 
but  a  more  precise  value  can  he  found  from  (6)i  for  ,tny  locality. 

The  above  formulas  are  not  in  all  rtsiiects  perfectly  satisfactory, 
and  indeed  many  others  have  been  proposed,  one  of  Ihcw  l>eing  de- 
rived from  (.W),  hy  making  Aq  =  A,  Ai  =  /7.  and  A,  =  o.  The  actual 
discharge  difftrs,  howt%'cr,  so  much  from  the  theoretical  that  the 
final  dependence  must  be  upon  the  coefficients  deduced  from  experi- 
ment, and  hence  any  fairly  rea»oiiitble  formula  may  be  u<«d  within 
the  limiu  for  which  its  coefficients  have  been  established.  In  spite 
of  the  objections  which  may  be  rai.<ieil  aKain»t  all  fonns  of  formulas, 
the  fact  remains  that  the  measun-im-nt  of  water  by  weirs  is  one  of  the 
most  convenient  methods,  an<!  for  many  conditions  the  moU  precise 
method.  If  the  quantity  i)'  to  small  a<  to  jmiss  through  a  circular  orifice 
less  than  one  foot  in  diameler.  then  the  orifice  is  roo«  precise 
than  the  weir.  For  the  continuous  measurement  of  water  pMsJng 
through  large  pipes  the  \'enturi  meter  give*  ihc  best  results.  With 
projwr  precautions  the  probable  error  in  measurements  of  discharge 
by  weirs  should  be  less  than  two  or  three  percent. 
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rrob.  61.  Show  by  usinx  formula  (61)i  thai  an  error  of  aboul  oue-haU 
d(  one  percent  remits  in  tlie  computed  ilbcharge  if  an  i-trur  iif  0.001  feet 
is  taadt  in  tcading  the  head  whrn  fl  -  o.j  (oct. 

Art.  62.    \'elocity  of  Approach 

Th«  head  A  which  produces  the  velocity  v  is  expressed  by 
ti*/3£,  and  in  the  case  of  a  weir,  the  velocity  of  approach  V  is  du« 
lo  a  fall  from  the  height  A ;  thus  the  velocity-head  is 

and  when  p  is  known,  A  can  bt;  computed.  One  way  of  finding 
r  b  to  observe  the  lime  of  passage  of  a  float  through  a  given  dis- 
tance; but  this  is  not  a  precise  method.  The  usual  method  is 
to  compute  r  from  an  approximate  value  of  the  di.schargc.  which 
is  iiself  first  cx>mpuled  by  regarding  v.  and  hence  A.  as  wrro.  This 
delermtnation  is  rendered  pos-^bic  by  the  fact  that  v  is  usually 
8(nal!,  and  hence  that  k  h  quite  small  as  compared  with  B. 

Let  B  be  the  breadth  of  the  croRs-section  of  the  feeding  cana! 
at  the  place  where  the  readings  of  the  hoolc  arc  lakt.'n.  and  let 
6"  be  its  depth  below  the  crest  (Fig.  61)."  The  area  of  that  cross- 
section  then  is 


• 


A=BiG-i-B) 
The  mean  velocity  in  this  section  now  is 

in  which  the  discharge  f'  is  found  from  the  formula 

?'  =  ^  i  Vjje  A/7' 

Tliis  %'alue  of  g'  h  an  upproximation  to  the  actual  discharge; 
from  it  (•  is  found,  and  then  li.  after  which  the  discharge  q  can  be 
computed.  If  thought  necessary.  A  may  be  recomputed  by  using 
f  instead  of  q' ;  but  this  will  rarely  be  necessary-. 

For  example,  a  small  wdr  with  end  contractions,  which  was' 
used  in  the  hydraulic  laboratory-  of  Lehigh  Uni\-eriity  prior  to 
1896.  had  B  =  7.81  feel  and  C  =  a-s  feet.  The  length  of  the 
wi-ir  b  was  adjustable  according  to  the  quantity  of  water  deliv- 
ered by  the  stream.  On  .April  10,  18S8,  the  value  of  b  was 
1.330  feet,  and  values  of  U  rauged  from  0.419  to  0.388  feet. 


Chap.  8.     Flow  of  Water  over  Wdra 

It  is  required  to  fiiwi  thr  velocity  r  uimI  the  head  A,  when 
0.4J9  feet.     Here  the  owfficient  c  is  0.602  (Tabic  03);  ben« 
the  approximate  discharge  per  second  is 

^  =  0.602  X  I  X  8.0i  X  1 .33  X  0.429' 
or  /  =  r.203  cubic  feet  per  second. 

'ITic  mean  velocity  of  appraich  then  is 

«  =  -; ^ — 3.^__  =  Q.oc^  feet  per  second, 

(2.S  +  04)J^3  "  ' 

and  the  head  h  producing  this  velocity  is 

A  =0.01555X0.053' =  0.00004  ^eet, 

which  is  too  small  to  he  regarded,  since  the  hook  gage  used 
determined  the  heads  only  to  thousandths  of  a  foot. 

The  head  A  may  be  directly  otprcsscd  in  terms  of  the  db- 
charge  by  substituting  for  v  its  value  q'A  ;  thus 

h  =  o.oisss{q/Ay  (62), 

and  when  q  is  approximately  known,  this  expression  will  be  found 
a  very  convenient  one  for  computing  the  value  of  the  head  cor- 
res-ponding  to  the  velocity  of  approach. 

The  head  h  may  be  directly  computed,  when  it  is  small  com- 
pared witii  //,  from  the  formula 


^-Awlhif 


(62), 


To  deduce  this.  let  the  above  values  of  A  and  <f  be  inserted  in 
the  equation  v  =  q'/A.  and  then  v  be  placed  in  A  =  ^fig.  This 
is  a  con\'cnient  expression  for  logarithmic  computation. 

With  a  weir  opcnint;  of  given  size  uiuk-r  a  Riven  head  //,  the  velocity 
of  approach  is  less  the  greater  the  urea  of  the  section  of  the  feeding  I 
cunal,  and  it  is  desirable  in  building  a  weir  to  make  this  area  large 
so  that  the  velocity  v  may  be  small.  For  Urge  weirs,  and  particularly 
for  those  without  end  contractions,  5  is  sometimes  as  large  as  one  foot  ■ 
per  second,  giving  h  =  0.0155  ^<x\,  and  these  should  be  regardetl  aa 
the  highest  values  allowable  if  precision  of  measurement  is  required. 
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Prob.  C2.  Fldey  and  Steania"  large  suppressed  weir  had  the  following 
dimnuiom :  J(  =  S  =  tS.pQl)  feet,  O"  =  6.55  feci,  nnd  thegrt^trat  mrjisured 
iMSd  was  1.69^8  fcrt.  Taking  c  =  o.<i)l.  compuie  ihe  velocity  of  approach 
and  lis  vdodty-bead. 

Art.  03.    Weirs  with  End  Contractions 

Let  A  tw  the  breadth  of  the  notch  or  length  of  the  weir,  U 
the  head  above  the  crest  measured  by  the  hook  gage,  and  c  an 
expcrimentul  coeflicient.  Then,  when  there  is  no  velocity  of 
approach,  the  discharge  jier  second  is 

?  =  c§V^-6ff*  (03), 

But  when  the  mean  velocity  of  approach  at  the  section  where 
the  hook  is  placed  is  v,  let  h  be  the  head  which  would  produce 
this  velocity  as  compute!  by  (G2)i.    Then  the  discharge  is 

?«<}V^-4(//  +  i.4A)'  (63), 

The  quantity  ff  +  1.4  A  is  called  the  effective  head  on  the  crest, 
and.  as  shown  in  the  last  article,  the  velocity-head  h  is  usually 
small  compared  with  the  head  //. 

Table  63  contains  values  of  the  coefficient  of  discharge  c  as 
deduced  by  Hanu'lton  Smith,  from  a  discussion  of  the  expert' 
mcnts  made  by  Lesbros,  Francis,  Fteley  and  Stearns,  and  others 
on  standard  weirs.*  In  these  experiments  q  was  determined  by 
actual  measurement  in  a  tank  of  large  size,  and  the  other  quan- 
tities being  obsen-ed,  the  coefficient  c  was  computed.  Values  of 
f  for  different  lengths  of  weir  and  for  different  heads  were  thus 
obtaincii.  and  aficr  plotting  them  mean  cun'cs  were  drawn  from 
which  immediate  values  were  taken.  The  heads  in  the  first 
column  are  the  effective  heads  //  +  \..%h\  but  as  A  is  small,  little 
error  can  result  in  using  U  as  the  argument  with  which  to  enter 
the  tabic  in  selecting  a  coefficient. 

Il  is  seen  from  the  table  that  the  coefficient  c  increases  with 
the  length  of  the  weir,  which  is  due  to  the  fact  that  the  end  con- 
tractions arc  independent  of  the  length.     The  coefficient  also 

'  Bitmillcni  Smiib.  Hydniulia,  1884.  p.  t  ji. 
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bases  as  the  head  on  the  crest  diminishes.     The  table  also 
ys  that  the  greatest  variation  in  the  coefficients  occurs  under 
heads,  which  arc  hence  to  be  avoided  in  order  to  secure 
[rate  measurements  of  discharge. 


Table  63.     Coefficients  for  Contracted  Weirs 
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Ute  width  of  the  feeding  canal  be  7  feet,  and  its  depth  below 
the  crest  be  1.5  feci,  the  velocity-head  is 


'O.01 


5"(f^T  =  ^^"^^'^*- 


The  effcclive  head  now  becomes  H+  14^  =  0.459  feet,  and  tlie 
discharge  per  second  over  the  wcir  ts 

q  =  0.61 2  X  3  X8.02  X4  X  0.459'  =4.07  cubic  feet. 

It  is  to  be  obscn'cd  that  the  reliability  of  these  computed  dis- 
charges depends  upon  the  precision  of  the  observed  quantities 
and  upon  the  coefficient  c ;  this  is  probably  liable  to  an  error  of 
one  or  two  units  in  the  third  decimal  place,  which  is  equivalent 
to  a  probable  error  of  about  three-tenths  of  one  per  cent.  On 
the  whole,  regarding  the  inaccuracies  of  observation,  a  probable 
error  of  one  per  cent  should  at  least  be  inferred,  so  thai  the  value 
q  =  4.07  cubic  feet  per  second  should  strictly  be  written  q  =  4.07 
±  0.04;  that  is,  the  discharfie  per  second  has  4.07  cubic  feet  for 
its  most  probable  value,  and  it  is  as  Hkcly  to  be  between  the  values 
4.03  and  4.11  as  to  be  outside  of  those  limits. 

When  velocity  of  upproach  is  oonsideird,  an  excellent  method 
of  eomputinj;  the  discharge  is  to  expand  the  parenthesis  of  (63)]  ii< 
a  srrjra  and  use  only  two  terms  of  the  expansion,  thus 


V-«-|V2<-Aff*^i-|-riA\ 


(63). 


in  which  k/B  is  computed  from  the  erpresftion  (»  cffft/j  (II  +  C)  B)*, 
where  fi  is  the  breadth  of  the  fccdinf;  canal  and  G  is  the  distance  of 
ihe  Itotlom  of  llie  canal  below  the  level  of  the  crest  (Fiff.  01).  For 
example,  in  the  case  of  the  last  paragraph  h/H  is  found  from  the 
numerical  data  to  be  0.00107,  whence  the  quantity  in  the  parenthesis 
is  1.00624  and  the  discharge  is  4.04  X  1.00614  =  4.07  cubic  feel  (>cf 
second,  li  is  seen  that  this  method  a-quincs  less  numerical  work 
than  that  of  the  one  explained  above. 

In  very  precise  work  the  value  of  the  acceleration  g  should  be 
I  computed  from  formula  (6),  for  the  |>arlicular  latitude  and  elevation 
I  above  sea  level  where  the  weir  is  located. 
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|Prob.  63.   A  weir  in  north  lalilude  40°  24'  and  395  feet  above  sea  level 
length  (if  2.5  fLTl.     Compulc  ihi:  discharges  over  it,  llie  feeding  canal 
Inc  ihc  \vi<lih  6  teei  and  tht-  depih  below  crest  t.6  feet,  when  the  heads 
|hi'  crc'si  arc  0.314,  o.jrs,  and  o.ji6  feet. 

Art.  G4.    Weirs  without  End  CoNTR.'icnoNS 

iFor  woirs  wnlhnul  vnd  contractions,  or  suppressed  weirs  as 
I-  lire  ofttii  c;illfd,  when  there  is  no  velocity  of  approach. 
|iiischarge  per  second  is 

when  there  is  vt-locity  of  approach, 

q  =  c-l^2S-l>(H+ihh)*  -       (64), 

Ic  the  notation  is  the  same  as  in  the  last  article,  and  c  is  to  be 
L'n  from  Table  (.14,  which   gives  the  coefficients  of  discharge 

leikical  by  Smith,  in  iSSS. 


Table  (i4.     CoKrtiaE\Ts  for  Suppressed  Weirs 


LenRtS  of  Weir  in  Fpct 
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with  the  length  of  the  weir,  wliile  those  for  contracted  weirs 
increase  with  the  length.  Their  greiitest  variation  occurs  under 
low  heads,  where  they  rapidly  increase  as  the  head  dimini^lies. 
It  should  be  observed  that  these  coefTicients  are  not  reliable  for 
lengths  of  weirs  under  4  feet,  owing  to  the  few  experiments  whicli 
have  been  made  for  short  suppresstnl  weirs.  Hence,  for  smalt 
'  quantities  of  water,  weirs  with  end  contractions  should  be  built  in 
preference  to  suppressed  weirs.  For  a  weir  of  infinite  length  it 
would  be  immaterial  whether  end  contractions  exist  or  not ;  hence 
for  such  a  case  the  coefficients  lie  between  the  values  for  the  19- 
foat  weir  in  Tabic  6.1  and  those  for  the  19-foot  weir  in  Table  64. 

For  a  numerical  illustration  a  supprcs,scd  weir  haNnng  the  same 

dimensiorts  as  in  the  example  of  the  last  article  will  be  used, 

namely,  6  =  4  feet,  G  =  1.5  feet,  and  //  =  0.457  f*^*-     "^"^  '^°' 

'  efficient  is  found  from  Table  ft4  to  be  0.O30 ;  then  for  no  velocity 

of  approach  the  discharge  per  second  is 

q  "  0.630  X  j  X  8j03  X  4  X  0457*  =  4,16  cubic  feet. 

Here  the  width  H  is  also  4  feet ;  the  head  corresponding  to  the 
\-eIocity  of  appruacli  tJien  is  by  (62), 

A-Q.oi5Ss(    ^•'     J  =0.0044  feet, 
\4  X  1.90/ 

and  the  effective  head  on  the  crest  is 

fl  + 1  i  A  =  0463  feet, 

am  which  the  discharge  per  second  is 

q  =  0.6^  X  i  X  8.02  X  4  X  0.463'  =  4.24  cubic  feet. 

Tlus  shows  that  the  velocity  of  approach  exerts  a  greater  in- 
Ouence  upon  the  discharge  thiin  in  the  case  of  a  weir  with  end 
contractions. 

When  veKxity  of  approach  exists,  a  Kood  method  of  computation 
b  to  expand  the  parrathcsis  of  (tM)i  in  a  series  and  use  only  two  terms 
of  the  expansion  tbwt. 
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ishicli   hi!  can   lie   comfiuted   (rom  the   equivalent   expression 
fl/i  ill  +  Ci)).-     Fur  example,  (rom  the  above  data  the  value  of 
is  o.oo()5,  wheni-e  the  quantity  in  the  parenthesis  is  1.019  and 
|4.i()  X  i.oiy  =  4.34  cubic  feet  per  second. 

Il'ri)h,  (14,    ("omputi'  iIil-  <UsL"h;irgc  per  second  over  a  weir  without  end 
Iractioiis  when  b  =  a.<)<jS  f"'t.  ^  =  0-7955  feet,  G  =  4.6  feel. 


Art.  65.     Fr.^ncis'  Formulas 

The  formulas  most  extensively  used  for  computing  the  flow 
^lugh  weirs  are  those  eslabiished  by  Francis  in  1854*  from  the 

discussion  of  his  numerous  and 
carefully  conducted  experiments, 
but  as  they  are  stated  without 
tabular  coefficients  they  are  to  be 
regarded  as  giving  only  mean  ap- 
proximate results.  The  experi- 
ments were  made  on  large  weirs, 
most  of  them    10  feet  long,  and 
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O.I  ft.  In  these  formulas  h  snA  B  must  be  taken  in  feet  and  q 
will  be  found  in  cubic  tixl  per  second. 

It  is  seen  thai  the  number  3.53  is  c  ■  i^/af,  where  c  is  the  true 
coefficient  of  discharge.  Tlic  88  experiments  from  which  this 
mean  value  was  deduced  show  that  Ihc  coefficient  3.33  actually 
ranged  from  i.^o  to  3.36.  so  that  by  the  use  of  the  mean  ^-aluc 
an  error  of  one  per  cent  in  the  computed  discharge  may  occur. 
When  such  an  error  is  of  no  importance,  the  formula  may  be  safely 
used  for  wdrs  longer  than  4  feet  and  heads  greater  than  0.4  feet. 

Francis'  method  of  correctinfj  for  velocity  of  approach  differs 

from  ihut  uf  Hamilton  Smith,  and  is  the  same  as  that  explained  in 

Art.  50.    The  bead  A  causing  the  velocity  of  approach  is  computed 

in  the  u.''ual  way,  and  then  the  formula.*  arc  written,  for  weir*  without 

end  coniraciions,  .  ■       1, 

9-3.3j6t(/'  +  A)'-*'l 

and  for  weirs  with  end  contractions, 

It  is  necessary  that  this  method  of  introducing  ihc  velocity  of  ap- 
proadt  nhoulil  he  strictly  ohservcd,  since  the  mean  number  3.,i3  was 
deduced  for  thi^  form  of  exprrssion, 

Prob.  65,  niutt  modilScalion  wcnild  you  iniroduce  in  [05)t,  if  the 
wnr  has  one  end  with  and  ibt  other  end  without  coniraction? 


Art.  66.    OniER  Weir  Formulas 

Fteley  and  Steams*  in  the  discussion  of  thdr  experiments 
on  standard  wctrs  proposed  the  formula 

Q'^-3il>n^  + 0.007  b  (66), 

in  which  correction  for  end  contraction  is  made  as  in  the  Francis 
formula  (Art,  65).  They  also  proposed  the  following  corrections 
for  vdocity  of  approach  for  use  in  the  above  formula  (66}i. 


B  +  h 


ff  +  i-SO  - 


n+h 


a+3.os~ 
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the  former  of  which  is  applicable  to  supprcwed  wdrs  and  the 
latter  to  weirs  having  end  coat  ructions,  v  being  the  mean  velocity 
of  approach. 

Among  the  most  recent  formulas  for  the  flow  over  wcire 
arc  those  of  Razin*  who  experimented  on  sharp  crests  varying 
in  height  from  0.79  to  Ji.72  feet  and  in  length  from  1.64  to  6,56 
feet.  From  his  discussion  of  his  own  results  as  well  as  those  of 
Fteley  and  Steams,  he  deduced  the  following  formulas  for  weirs 
without  end  contractions 

Q  =  ^V2'g-bH^     and     Q  =  mVrg-bH^  (66), 

The  first  of  these  formula.4  is  applicable  to  cases  where  there  is 
no  velocity  of  approach,  while  the  second,  by  means  of  the  co- 
efficient w,  corrects  for  any  approach  velocity  which  may  exist. 
The  relations  between  m.  i*.  and  //  are 

// 
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where  G  is  the  height  of  the  weir  crest  above  the  bottom  of  the 
channel  of  approach.  It  is  thus  seen  that  m  varies  with  the  head 
and  also  with  the  height  of  Ihe  weir  above  the  bottom  of  the  chan- 
nel, both  of  which  factors  influence  the  velocity  of  approach. 
On  the  other  hand  /*  varies  only  with  the  head. 

Table  06.    Bakin's  Coefpiciemts  m  for  Suppressed  Wetrs 
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In  the  above  table  are  given  some  of  llie  x-aliies  of  the  co 
efficient  m  determined  by  Ilazin's  experiments  for  varying  heads 
and  heights  C  of  standard  sharp-crested  weirs.  These  coefiitients 
are  applicable  only  to  weirs  having  suppressed  end  contractions. 
While  these  formulas  give  results  agreeing  wet!  witli  many  weir 
gaging^  under  ordinary  heads,  the  expression  for  f<  tannoi  be  re- 
garded as  a  rational  one  since  it  becomes  infinite  when  //  is  zero. 

Prob.  6fl.  WTiat  will  be  the  value  of  r»  m  ihc  case  of  a  weir  j.s©  feet 
hi^  when  //  b  1.15  feet  ? 


Art.  67.    Submerged  Wkirs 

When  the  water  on  the  downstream  side  of  the  weir  is  allowed 
to  rise  higher  than  the  level  of  the  crest,  the  weir  is  5ai<l  to  be 
submerged.  In  such  cases  an  entire  change  of  condition  n-sults, 
and  the  preceding  formula-s  are  inapplicable.  Let  //  he  the  head 
above  the  crest  measured  upstream  from  the  weir  by  the  hook 
gage  in  the  usual  manner,  and  let  //'  be  the  head  above  the  crest 
of  the  water  downstream  from  the  weir  measured  by  a  second 
hook  gEtge.  If  //  be  constant,  the  discharge  is  uninfluenced  until 
the  lower  water  rises  to  the  level  of 
the  crtst,  provided  that  free  access  of 
air  is  allowed  beneath  the  descending 
^eet  of  water.  But  as  soon  as  it  rises 
slightly  above  the  crest  so  that  //'  has 
small  values,  the  cuulractioa  is  sup> 
pressed  and  the  discharge  hence  increased.  As  H'  inc 
however,  the  discharge  diminislies  until  it  becomes  zero  when  W 
equals  //.  Submerged  weirs  cannot  be  relied  u|H>n  to  give  precise 
toeasuremcnts  of  discharge  on  account  of  the  lack  of  experi- 
mental knowledge  regarding  them,  and  should  hence  always  be 
a\'oid«d  if  possible. 

The  following  method  for  eslimaffng  the  disdiargc  over  sub- 
merged weirs  without  end  contractions  is  taken  from  the  discussion 
given  by  Herschel  *  of  the  experiments  made  by  Francis  and  by 
Ftelcy  and  Steams.    The  ohscr\-cd  head  //  is  first  multiplied 

'TranMCikins  Amcrkxa  Society  of  Civil  i'lngiiwcrs,  iSS;.  vol.  14,  p.  194. 
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a  number  it,  which  dcpctids  upon  the  ratio  of  H'  to  R.  anc 

m  the  discharge   is   to  be  computed  by  using  the  modifiec 

ancis'  formula                            ,,   „.»                                    ,„_, 
(!^3iil>(nSy                                   (67), 

e  values  of  n  deduced   by  Herschel*  are  given  in  Table  67 
ey  are  liable  to  a  probable  error  of  about  one  unit  in  the  secont 
:imai  place  when  //'  is  less  than  o.a  H,  and  to  greater  errors 
Ihc  remainder  of  the  table,  values  of  n  less  than  0.70  being 
particular  uncertain.     It  is  seen  that  B'  may  be  nearly  one- 
h  of  H  without  affecting  the  discharge  more  than  two  percent 

Table  67.     Factors  for  Submerged  Weirs 
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■ 
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The  addition  of  these  givvs  the  total  theoretic  discharge, 

which  may  b«  put  into  the  more  convcaicnt  form,  i 

The  actual  discharge  per  second  may  now  be  written,  | 

in  which  c  is  the  coefficient  of  discbarge. 

Ftdcy  und  Stearns  adopted  the  above  formula  (or  the  dis- 
charge, or  placing  u  for  c  ■  j  >/3g,  they  wrote,* 

y  =  iiftCff  +  1  //') (//  -  //')*  (67), 

and  from  their  experiments  deduced  the  following  \'alucs  of  the 
coefficient  u : 

for       n'/B  =  o.co    0.04     OxjS     o.iJ     0,16     0.3       0.3  ' 

''  =  3-3i    3-35     3-37     3-35     3-32     3*8    3.21 
lor       n'/H  =  o-4      o. ;      0.6      0.7      0.8      0.9      ix> 

M  =  3'5     311     309    309    3"     319    3-33 

These  arc  for  suppressed  weirs;  for  contracted  weirs  few  or  no 
experiments  are  on  record. 

Thus  far  in  this  arlicle  velocity  of  approach  has  not  Ijeen  consid- 
ered. This  may  be  taken  into  account  in  the  usual  way  by  determin- 
ing the  velocity-head  h,  .ind  thu»  correctiiiK  H.  But  it  is  unncceuiify, 
uQ  account  of  the  limited  n<c  ot  submerged  weirs,  and  (he  con»<-ciuent 
lack  of  enperimcntal  data,  to  develop  this  branch  of  the  subject. 
What  has  been  given  :dxjve  wilt  enabli.-  an  a(>]iroxiTiu(te  probable 
estimate  to  be  made  of  the  discharge  in  cases  where  the  water  acci- 
dentally rises  abifvc  the  cre*t,  aiul  further  than  this  the  use  of  sub- 
fflerged  weirs  cannot  be  recommended. 

Pn>b.  fi7.  Compute  by  the  two  mcihods  the  disc^ar^  over  a  submerged 
weir  when  6  —  S,  //  =  0.46,  and  U'  •■  o.ii  (eel. 

*  TnuKtbiw  AiKticMi  Sodciy  of  Ctvil  Engineers,  1S83,  vol.  it,  p.  t«].         | 
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Art.  68.    Rounded  and  Wide  Crests 

When  the  inner  edge  of  the  crest  of  a  weir  is  rounded  as  at 
A  in  Fig.  GS,  the  discluirgc  is  nulerially  increased  as  in  the  rase 

of  oriliccs  (Art,  53),  or  nilher 
the  cocflicients  of  discharge 
become  much  larger  than  thoM 
given  for  tlie  standard  sharp 
Fif.  68.  crests.    The  degree  of  round- 

ing influences  so  much  the  amount  of  increase  thai  no  definite' 
valui'5  can  be  stated,  and  the  subject  is  here  merely  mentioned 
in  order  to  emphasize  the  fact  that  a  rounded  inner  edge  is  al- 
wa\^  a  source  of  error.  If  the  radius  of  the  rounded  ctlge  is  small, 
the  sheet  of  escaping  water  is  at  a  jxiint  Ijelow  ihe  top  (a  in  tlie 
figure),  whidi  has  the  practical  cficct  of  increasing  the  measured 
head  by  a  constant  quantity.  The  e-vperimenLs  of  ^■telcy  and 
Steams  show  that  when  the  radius  is  less  than  one-half  an  inch, 
the  discharge  can  be  computed  from  the  usual  wdr  formula,  se^-en- 
tenths  of  the  radius  being  first  added  to  the  measured  head  H. 

Two  wide-crested  weirs  with  square  inner  comers  arc  shown 
in  Fig.  08.  the  one  at  B  being  of  suITtdent  width  so  that  the  de- 
scending sheet  may  Just  touch  the  outer  edge,  causing  the  flow 
to  be  more  or  less  disturbed,  while  that  at  C  has  the  shc«t  ad- 
hering tn  the  crest  for  some  diiitancc.  In  both  cases  the  credit 
contraction  occurs,  although  water  instead  of  air  may  till  the 
space  above  the  inner  corner.  For  B  the  discharge  may  I>e 
equal  to  or  greater  than  that  of  the  standard  weir  having  the  same 
hca<!  H,  depending  upon  whether  the  air  h.aa  or  has  not  free  access 
beneath  the  sheet  in  the  space  above  the  CTest.  For  C  the  dis- 
charge is  always  less  than  that  of  the  standard  weir. 

Table  (iS  is  an  abstract  from  the  results  obtained  by  Ftefcy 
and  Stearns,*  and  gives  tlie  corrections  in  feel  to  be  subtracted 
from  the  depths  on  a  wide  crest,  like  C  in  Fig.ftS,  in  order  to 
obtain  the  liepths  on  a  standard  sharp-crested  su[>prcssed  weir 
giving  the  same  discharge, 

*  Trantacliuns  AmLTJcuii  Soticiy  of  Civil  Rnginecrs,  i88.j.  vol.  ti,  p.  g6. 
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Table  08.    Cokrections  mr  Wide  Crests 


tkwtna 

Wirfih  n(  CieU  in 

nchn 

ClBl 

F«> 

■ 

4 

6 

S 

10 

i> 

M 

OjO$ 

o.olo 

0.004 

O.O0Q 

0.000 

0,009 

o.Qog 

O.OOQ 

.to 

.016 

.OlS 

,017 

.017 

.OIJ 

.017 

.017 

.M 

.011 

.oii> 

■03' 

-03> 

■03J 

.»« 

.OJ4 

■30 

.0,)O 

^41 

-o*S 

-047 
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.OJO 

*> 

.Dll 

-045 

-OSS 

.060 

.06] 

.oM 

■S» 

.006 

.0*1 
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.064 

■074 

.oSj 

.to 

X)JI 
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.07S 

J>83 

.057 

.» 

^t7 

MSI 

-A7S 

.oSg 

■  III 

A) 

.000 

.040 

.071 

^i 

.HS 

-90 

•017 

^1 

.089 

-UT 

I.OO 

.on 

.ojo 

,081 

^49 

l.fO 

joat 

xai 

.16S 

!■«» 

■es* 

.1«0 

The  U.  S.  Geological  Survey*  during  icjoj  raused  to  be  made 
at  the  laboratory  o(  Cornell  University  a  serit-s  of  experiments 
on  broad-crested  weirs.  These  experiments  covered  crest 
widths  i>£  from  0.479  '"  16.303  feet  and  heads  from  0.2  to  5.0 
foci.  Wlhout  here  going  into  detail,  it  was  concluded  from  the 
results  obtained  that  a  coelEcienl  of  1.64  may  be  used  in  the  for- 
mula q  =  (hlii  for  all  cases  of  bfx>ad-crested  weirs  exceeding  3.0 
feel  in  breadth  and  under  heads  in  excess  of  2.0  feel.  For  heads  of 
less  than  2.0  feet  the  cocthcicnls  are  variable  and  dependent  on 
both  the  head  and  the  width  of  the  crest  as  well  as  on  whether 
or  not  the  nappe  or  water  sheet  remains  attached  to  or  becomes 
detached  from  the  down.streani  face  of  the  weir.  For  heads  of 
kss  tlian  0.5  feet  the  sheet  is  very  unstable  and  the  coefficients 
fluctuate  correspondingly.  From  0.5  to  2.0  feet  the  cocfficienls 
are  stil!  somewhat  variable  and  uncertain  but  become  quite 
steady  for  higher  heads  and  on  crests  exceeding  3.0  feet  in  width. 
In  general  when  the  sheet  becomes  detached,  the  coefficient  be- 
comes equal  lo  that  for  a  sharp-crested  weir ;  when  the  sheet  is 
adherent,  the  coefficient  may  drop  to  2.60.    Tlie  possible  range 

■  Wilc«  SiMpfiy  umI  lirigiuioo  Paper,  No.  )09.  U  S  Ccologlatl  Surity. 
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in  cocfTidcnts  for  such  cases  is  hence  seca  to  be   from  3.60  ] 
to  3.33. 

Prob.  68.  Cum|)ute  the  dischart^  fur  a  wcir  Itki:  C  in  Fig,  68  when  ths-l 
width  of  crest  is  1.5  feet,  the  head  0.85  feet,  and  the  length  of  weir  is  feel. 


: 


Art.  69.    Waste  Weirs  and  Dahs 

Waste  weirs  are  constructed  at  the  sides  of  reservoirs  in  order 
to  allow  the  surplus  water  to  escape.  They  are  usually  arranged 
so  that  the  end  contractions  are  suppressed.  When  the  crest  is 
narrow  and  the  front  vortical,  so  thai  the  descending  sheet  of 
water  has  air  ujion  its  lower  side,  the  discharge  is  approximately 
given  by  Francis'  weir  formula  (Art.  65), 

9  =  3-33  W'' 

in  which  b  is  the  length  of  the  crest,  and  11  the  head  measured 
some  distance  back  from  the  crest.  When  the  crest  is  wide  and 
the  approach  to  it  is  inclined,  as  is  often  the  case.  iLc  discharge 
is  somewhat  smaller.  For  a  crest  about  three  feci  wide  and  level, 
witli  an  inclined  approach  back  of  it,  Francis  deduced 

which,  tor  a  head  of  one  foot,  gives  a  dbchargc  ten  percent 
than  that  of  the  first  formula. 

In  constructing  a  waste  weir  the  discharge  q  is  generally  known 
or  assumed,  and  it  is  required  lo  determine  b  and  //,  The  latter 
being  taken  at  1,  2,  or  3  feet,  as  may  be  judged  safe  and  proper, 
b  is  found  by  one  of  these  formulas.  For  example,  let  the  crest 
be  wide,  qbcSj  cubic  feet  per  second,  and  H  be  2.0  feet,  then 

Iogfc  =  logs?  -  log3.oi  -  1.53  log  2 

from  which  log  b  =  1.0004,  whence  b  =  lo.o  feet.  When, 
however,  the  crest  is  narrow,  the  first  formula  gives  b  =  9.2 
feet.  Evidently  no  greal  precision  is  needed  in  computing  the 
length  of  a  waste  weir,  since  it  Is  difficult  to  determine  the  exact 
discharge  which  is  to  pass  over  it,  and  an  ample  factor  of  safety 
should  be  introduced  to  cover  unusual  floods. 
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"^e  above  formulas  ni;iy  be  used  for  ot)taming  the  approximate 
flow  of  a  streiini  in  which  a  dam  with  Ii-vd  cn-sl  hiis  biTn  built. 
The  water,  however,  is  often  received  upon  an  apron  of  limber 
or  masonry,  and  the  inclination  of  this,  as  well  as  the  incliiiatiun 
of  the  ai^roach  to  the  cicst,  materially  modifies  the  discharge. 


The  fonnula. 


?  =  €  •  I  Vi(i  ■  m*  =  libH 


(69). 


is  usually  employed  for  dams,  and  it  is  foimd  that  the  value  of 
H,  for  English  measures,  may  range  under  different  circumstances 
frora  3.5  to  4.3.  This  formula  is  modified  below  for  the  influence 
of  velocity  of  approuch  (.Art.  62). 

Experiments  were  made  by  Bazin  in  1897*  on  dams  from  i.6 
to  3.5  feet  high  with  heads  of  water  on  the  crests  ranging  from  0.3 


k 


.Z^ 


Ft(.«9ki 


rie  e9j>. 


Fi(  mc. 


to  i^  feet.  For  the  case  of  Fig.  09a  the  approach  had  an  inclina- 
tion of  1  on  J  and  the  front  was  vertical;  when  the  width  of  the 
crest  was  0.53  feet,  the  cocflidcnt  if  varied  from  3.24  to  4.12  as 
the  head  increased  from  0.37  to  i.4i  feet;  when  the  width  of 
the  crest  was  0.66  feet,  M  varied  from  3.10  to  3.89  for  simitar 
hauls.  For  the  case  of  Fig.  60A  both  approach  and  apron  had 
slopes  of  1  on  2  and  the  crest  was  0.66  feel  wide ;  here  u  increaseil 
from  3.63  103.75  ^  ^^^  yiG'x^  rangcfl  from  0.3]  to  143  feet.  For 
F^,G9f,  with  a  crest  2.62  feet  wide,  u  ranged  from  2,47  to  2.76, 
but  when  the  upstream  comer  was  rounded  to  u  radius  of  4  inches, 
it  ranged  from  3.71  to  3.12.  Here  it  b  seen  that  widening  the 
crtst  decreases  the  discharge,  as  already  noted  in  An.  68,  and  that 
the  apron  produces  a  similar  influence. 

Experiments  on  a  larger  scale  were  made  by  Rafter  in  1898, 
for  the  C.  S.  Deep  Waterways  Commission  at  the  canal  of  the 
ComcH  hydraulic    laboratory,  in  which    tlie  flow  over    dams 


'  Annales  do  ponu  ct  cluuiMtet.   iS^S;   UaiisUiI«l  \ry   Rafter  in 
TnBsactkHM  American  Society  of  Civil  Knginccn,  1900,  vgl.  44,  p.  354. 
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IS  measured  by  a  standard  weir.  The  results  of  these  ex- 
rimeiils  arc  given  in  Table  Wa,  the  first  five  being  for 
nis  of  the  form  shown  in  Fig.  (i9a,  the  next  thrw  for  dams 
e  Fig.  69&,  and  the  next  four  for  dams  like  Fig.  69c,  those 
irked  with  an  asterisk  having  the  upstream  corner  rounded 

T,vflLE  69a.     CoEFnciENTs  u  FOR  Dahs 
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3-33  to  3-46  for  heads  ntnging  from  i.o  to  6.0  feet.  The  one 
shown  in  Fig,  69c  had  a  total  width  of  alxiut  23  feet  and  a  height 
of  4-53  feet,  the  slopes  of  the  approach  and  apron  being  i  on  6, 
and  that  just  below  the  crest  about  i  on  J,  the  vertical  depth 
of  this  being  0.75  feet ;  for  this  the  mtan  values  of  u  ranged  from 
3.07  to  3.27  for  heads  ranging  from  i.o  to  6.0  feet,  the  smaller  co- 
efficients being  due  to  the  contact  of  the  water  with  the  apron. 

For  ogee  dams  simiUr  in  cross- 
section  lo  Fig.  09/.  experiments 
were  made  in  1903  *  by  the  IT.  S. 
Geological  Survey.  The  widths 
a  of  the  various  crests  ranged 
from  3.0  to  6.0  feet,  the  radii  r 
from  1^  to  3.0  feet,  and  the  rises 
e  from  0.75  feet  to  3.88  feet. 
From  a  discussion  of  these  results 
it  was  concluded  that  the  coeffi- 
cient 11  has  a  value  of  (3.78-0.161)  Ir^ 
of  a  to  c  in  Fig.  69j.  For  example,  when  s  =  3.0/1.5  and  ff 
4.0  feet,  then  u  =  3.70. 


Hf-Wi- 
where  s  is  the  ratio 


In  the  table  on  the  next  page  are  shown  the  principal  re- 
sults of  the  above  experiments  on  models  of  ogee  dams : 

The  height  of  the  crests  above  the  bottom  of  the  channel  of 
a[>proacb  of  all  the  models  was  it. 25  feet  and  the  heads  were 
measured  at  two  punts,  one  to.3  feet  and  the  other  16.059 
feci  upstream  from  the  weir  crrat.  It  was  found  that  in  general 
the  reading  of  the  gage  nearest  the  weir  was  not  alTecled  by 
the  surface  cur\'e  for  heads  of  less  than  three  feet  on  the  crest. 
The  water  which  was  used  in  these  experiments  was  measured 
over  a  sharp-crcstcd  sUindard  wdr  6.65  toct  high  and  having 
a  crest  1 5.93  feet  En  length. 

By  the  use  of  these  cix-fficients  the  discharge  of  a  stream  over 
a  dam  may  be  computed  with  a  good  degree  of  precision.     For- 


*  WaU*  Supply  and  Inigfttioo  Piper  No.  mo,  p.  i  ji. 


C!ia[).  6,      Flmv  of  Water  over  Weirs 


Table  liDft.     Coefficients  u  for  Ogee  Daus 
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*  I.fnplh  u[  cresl  15.069  feet,  contraclions  suppressed. 
f  [.etiglli  i)f  crest  7.03S  feet,  with  one  end  conlraclion. 
i  This  model  h^d  vipstream  comer  rounded  to  radius  of  4  inches. 


The  Surface  Ciuvc.     Art.  70 


187 


the  head  on  tbe  crcxt  of  th«  n-eir  being  1.12  fcrt. 
4.34  feet. 


Also  when  Ihc  head  is 


Fi«.  70- 


Art.  70.     Tqe  Surface  Curve 

The  surface  of  the  water  above  a  weir  or  <iani  assumes  a  curve 
whose  cquution  ts  a  complex  one,  l>ut  some  of  the  laws  that  govern 
the  drop  in  the  plane  of  the  crest  may  be  deduced. 
Let  //  lie  Uve  head  on  the  level  of  the  crest  meas- 
ured in  perfectly  level  water  at  some  distance 
bick  of  the  wdr,  and  let  d  be  tlie  depression  or 
drop  of  the  curve  Iwlow  this  level  in  the  plane  of 
the  weir  (Fig.  70).  'I'hcn  the  discharne  per  sec- 
ond q  can  be  expressed  in  term«;  of  /if  and  d  by 
formula  ('>0)(,  placing  //  for  A,  and  d  for  A,,  and  _ 

making  A,  =  o.    This  formula  becomes,  after  replacing  S  t'  jg  by  m, 

andObyy.  y  =  u   Mff' -  rf') 

This  expression,  it  may  be  remarked,  is  the  true  weir  formula,  and  only 
the  practical  difficulties  of  R\easuring  H  and  d  prevent  its  use.  This 
may  be  written  rfi=ai_,/„6 

from  which  the  drop  d  in  the  plane  of  crest  of  the  wdr  can  be  found- 
Let  B  be  the  breadth  of  the  feeding  canal,  G  its  depth  below  the  crest, 
and  V  the  mean  velocity  of  approach ;  then  also 

<l  =  B(G  +  Ii)v 
and  tnaertlnit  thl»  in  the  expression  for  d^  it  becomes 


ui 


iG  +  H)t 


(70) 


which  is  an  expression  for  the  drop  of  the  curve  in  terms  of  the  dimen> 
sions  of  the  weir,  the  total  head,  and  the  velocity  of  approach. 

The  approximate  value  of  the  coefficient  u  is  about  3.3  for  English 
measures,  but  precise  values  of  d  cannot  be  computed  unless  M  and 
U  arc  known  with  accuracy.  The  formula,  however,  serves  to  ex- 
emplify the  laws  which  govern  the  dro[>  of  the  curve  in  the  plane  of  the 
weir.  It  shoK's  that  the  drop  increases  with  the  head  on  the  crest 
and  with  the  length  of  a  contracted  weir,  that  it  dccrcaiies  with  the 
breadth  and  depth  of  the  feeding  canal,  and  that  it  decreases  with  the 
velocity  of  approach.    It  also  shows  for  suppressed  weirs,  where  B  =  b, 
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Chap.  6.     Flow  of  Water  over   Weire 


that  the  drop  is  independent  of  the  length  of  the  wsb. 
lun->  trxcirpi  the  la»t  bdve  bcco  previously  deduced  by  the  < 
of  experiiniTnts. 

The  piith  ol  the  stream  after  leaving  the  weir  is  closely  that  of 
a  parabola.     In  the  ]>lanc  of  the  crest  tite  mean  velocity  is 

V  =  (i/b(n  -  d) 

and  the  direction  of  this  may  be  taken  as  approximately  hoH^onlal^ 
The  riinRe  of  a  stream  on  a  horizontal  plane  at  the  distance  y  below 
the  middle  of  the  weir  notch  is  then  readily  found.  For,  if  a:  be  this 
range  which  is  reached  in  the  time  t,  then  x  =  Vl,  and  also  y  =  J  gf; 
whence,  by  the  eliminnlion  of  (,  there  results  ^f?  =  i  Py,  and  accord- 
ingly the  horizontal  range  at  the  dqith  y  is 


in  which  d  is  given  by  (70).     For  example,  take  a  caiw  where  tl  =  3] 
fiTt,  G  =  2^  feel,  and  v  =  0,5  feet  per  second.     From  (70)  the  valu 
of  [f  is  found  to  be  1.17  feet.     Now,  wheny  =  50  feet,  the  last  formulj 
gives  X  =  13.5  feet,  which  is  the  horizontnl  dist<mce  of  the  middle  of 
the  stream  from  the  vertical  plane  throufsh  the  crest. 

Prob,  70.   In  the  above  exaniple  what  velocity  of  approach  is  neceasarj^ 
in  order  that  then?  may  be  no  drop  in  the  plane  of  the  cnal  ?    What  is 
range  for  this  ease  ? 


Art.  71.    Triangular  Weirs 

Triangular  wcirs  are  sometimes  used  for  the  measurement 
of  water,  the  arrangement  being  shown  in  Fig.  71.    Let  b  be 

the  width  of  the  orifice  at  the 
water  level,  and  //  the  head  of 
water  on  the  vertex.  Let  aaj 
elemeiitarj-  strip  of  the  depth  i> 
be  drawn  at  a  tiislanoe  y  bclov 
the  water  level.  From  similar 
and  the  tdemcn- 


'■.  11'^'' 

\^ 

1 

Fig.  71 


triangles  the  length  of  this  strip  is  (H  —  y)h'IJ  and  Ih 
tary  discharge  through  it  then  is 

«G  =  ~(n-y)h y/7gy  =  |  Ws(Uy*  -  y»)Sy 


Triangular  W«rs.     Art.  71 
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The  int^iration  of  this  between  the  limits  //  and  o  gives  the  the- 
oretic tlischiirge  through  the  triangular  wdr,  namely, 

Q'^*,bV2gn^  (71), 

li  the  sides  of  the  triangle  arc  equally  inclined  to  the  vertical, 
a«  diould  be  the  case  in  practice,  and  if  this  angle  be  a,  the  sur- 
face width  b  may  be  expressed  in  terms  of  o  and  //,  so  that  the  last 

formula  becomes      „      .  /—    .a  ,_  , 

Q=^^2.n«■  VTg-H^  (71). 

The  discharge  is  thus  equal  to  a  constant  multiplied  by  the  2} 
povfer  of  the  measured  depth. 

Triangidar  weirs  are  used  but  little,  as  in  general  they  are 
only  convenient  when  the  quantity  of  water  to  be  measured  is 
small.  Such  a  weir  must  have  sharp  inner  corners,  so  that  the 
stream  may  be  fully  contracted,  and  the  sides  should  have  cquid 
slopes.  The  angle  at  the  lower  vertex  should  be  a  right  angle, 
as  this  is  the  only  case  for  which  coefficients  are  known  with  pre- 
cision. The  depth  of  water  above  this  lower  vertex  is  to  be  meas- 
ured by  a  hook  gage  in  the  usual  manner  at  a  point  several 
feet  upstream  from  the  notch.  Making  the  angle  at  the  vertex 
a  right  angle,  and  appl>'ing  a  cocfhcient,  the  actual  discharge 
per  second  is  given  by  the  expression 


.  -  ,  .  -8. 


VjgH 


i 


9  =  c-ft 

in  which  ff  is  the  head  of  water  above  the  vertex.  Experiments 
made  by  Thomson  •  indicate  that  the  coefficient  c  \'aries  less 
with  the  head  than  for  ordinary  weirs ;  tliis,  in  fact,  was  antici- 
pated, since  the  sections  of  the  stream  arc  similar  in  a  triangular 
notch  for  all  values  of  //,  and  hence  the  influence  of  the  contrac- 
tions in  dimuiishing  the  discharge  should  he  approximately 
the  same.  As  the  result  of  his  experiments  the  mean  value  of 
c  for  heads  between  0.2  and  o.S  feet  may  be  taken  as  0.591,  and 
hence  the  mean  discharge  in  cubic  feel  per  second  through  a 
right-angled  triangular  weir  may  be  written 

?=2.s3fl*  (71), 


•  British  AiacK^tun  Report,  iSjS,  p.  IJ3. 


no 


Chi^.  6.     Fbw  uf  Water  ovtr  Wcin 


in  which,  as  usual,  H  must  be  expressed  in  feet.  About  4  feet 
is  probiibly  the  greatest  practicable  value  for  B,  and  this  gives 
a  discharge  of  only  81  cubic  feet  per  second.  When  velocity 
of  approach  exists,  H  in  this  formula  should  be  replaced  by  H  + 
1.4  A,  as  (or  rectangular  weirs  with  end  contractions, 

Prob.  71.  A  iriangular  orifcce  in  ihe  sifc  o(  x  veisel  fia*  a  borjioiiul 
base  b  «nd  an  idtitudc  d,  the  head  of  wbIct  on  the  bate  bdng  k  oMtd  ih»l  on 
the  vertex  being  k  +d.  Show  that  the  theoretic  discharsc  Uuouj^  tbc 
orifi«  b  A  v^«(6;*U(A  +  **  -(4*  +  jo<r>*t]. 


1 


Art.  72.    Trapezoidal  Weirs 


[ular  I 


^^V  Trapezoidal  weirs  are  sometimes  used  instead  of  rcctangula: 

r  ones,   as    the  cocffidtnts   vary   less   in   value.      The   llieorelic 

I  \  f     discharge  through  a  trapezoidal 

1  '^^gg^^EtPy^^lHW'      weir  which  has  the  length  b  on 

^H        \—  ~  ^^=*!^.  '■  ^^^?        the  crest,  the  head  B,  and  the 
^H  ^F^-^^^^-^ — ^^^-^^^-"Y  length  fr  +  2S  on  the  water  sur- 

^^^^ * -r  face,  as  seen  in  Fig.  T2,  is  the  sum 

^^^H  r«.72.  g(  ^,g  discbarges  through  a  rect> 

^^^    angle  of  area  iff  and  a  triangle  of  area  zH.    Taking  the  former 
^_        from  (Cl)i  and  the  latter  from  (71)t.  and  repLicing  tana  by  s/B 

'  Q=^\Vrg(sb  +  4s)B* 

is  the  theoretic  discharge.  Here  z/B,  which  is  the  slope  of  the 
encb,  may  be  any  convenient  number,  and  it  is  usually  taken  as 
J,  as  first  rccommendwl  by  CIppoletti.*  M 

The  reasoning  from  which   this  conclusion   was  derived   it 
^^        based  uixin  Francis'  rule  thai  the  two  end  contractions  in  a 
^^L.  fitai)dard  rectangular  weir  diminished  the  discharge  by  a  meanfl 
^^   amoSBt  3.33  X  CJ  H*   (Art.  65).  or  in  general  by  the  amount 
c-  i  v'ljf  Xo.i  //ir*If  the  sides  are  sloped,  however,  the  discharge 
through  ihe  two  end  triangles  is  c-\/'^X\*t^lI'.   If,  now,  the 
slope  ts  just  suSidcnt  so  that  the  extra  discharge  balances  the 
effect  of  the  end  conlraclions,  these  two  quantities  are  equal. 
Equating  them,  and  supposing  tliat  c  has  the  same  value  in  each, 


I 


'  Oppoletti.  CumI  \1Uanai,  tiSj  -,  mc  Enclnttr^  R«oonl,  Aii(.  i j.  1891. 


Proportional  Weirs.    Art.  TSJ 
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there  results  s=  \H.  Hence  for  such  a  trapezoitlal  wdr  the 
discharge  should  be  the  same  as  that  through  a  suppressed  rect- 
angular weir  of  length  b,  or  according  to  Francis  q  =  s.j^Ai?'. 
Cippolclli,  however,  concluded  from  his  experiments  that  the 
coefficient  should  be  slightly  larger,  and  he  gave 

as  the  formula  for  a  trapezoidal  weir  when  z/B  =  \-  If  A  is  the 
head  due  to  velocity  of  approach  B  may  be  replaced  by  ff  ■+- 1.4  h. 

bProb.  72.  Show  that  the  Cippolctli  formuln  may  be  writlcn 


Abt.  72}.    PROFORrtos At.  Weeks 

A  proportionjil  weir  is  one  so  sha)}cd  that  its  theoretic  discharfte 
varies  with  lie  first  power  of  ihc  head  or  Q  =  AH  •^-  fi  where  A 
and  B  are  constants. 

T 


Let  h  be  the  length  of 
ihe  crc»l,  as  in  Fig. 
72i(i,  where  the  lower 
part  is  a  rectangle  with 
the  height  a.  Let  the 
head  on  the  upper  part 


j, ,t. ^ 

1 «.  nib. 


of  this  rectangle  be  A  or  H  =  A  +  a.  Then  the  upper  part  of  ihc 
wrir  is  required  to  be  so  shaped  that  Q  =  Ak+  Aa  +  B.  The  dis- 
charge consists  of  two  parts,  &rst  that  through  the  rectangle  ob  and 
second  that  throush  the  part  at>ove  the  rectangle;  writing  cx[n%s- 
sions  for  these  from  Art.  48,  and  equaling  their  .sum  tu  Q,  gives 

Ak  +  Aa+B'"  ibVTg^ia  +  k)*  ~  k')  ^^  VTgffVk^-xdy 

a.s  the  condition  (or  finding  the  values  of  A  and  B  and  abo  the  relation 
bctwrvn  the  <'<K)rditiaies  x  and  y  of  the  curve.  To  do  this  expand 
(a  +  *)'  according  lo  integral  powers  of  t,  al«>  a.'suine 

x'=C+Dy^  +  Ey*+  /■>'  +  Cy'  +  .  .  . 
then  integrate  and  cquau-  Ihe  coeflicienLs  of  like  powers  of  *;   thus 

will  be  found  A  =  (I'tv'a^,  B i<i*b\Tg,  C  ^  b,  D  =  -  aft/Vo*, 

B »  ai/jm*,  F  =  —  3b/$/m*,  etc.     Hence,  if  the  curve  is  con- 
simcted  from  the  equation 
x'b-  {»/b)  {{y/n)*  -  liy/a)*  +  jCy/a)*  -  *{?/«)"  +  .  .  .) 
or  *  -  fr{i  -  (V»)  tan"'v97a)  (72i)i 


then  the  theoretic  discharge  through  the  vdi  is 

Q  =  a\^Tg  a*b{H  -  \a) 
This  conclusion  is  true  providi-d  II  be  greater  than  a. 

Values  of  x  are  readily  com]iutcd  from  (T2i)i  for  assumed  vain 
of  y;  in  this  equation  a  ir  may  be  replaced  by  ^°  if  tan"'  be  Uknl 
in  degrees;  thus  for  y  =  aa,  tan" 'vT=  54"  44' 8"=  54°.  7355 
and  X  =  o.5()2?i.  A  w-eir  constructed  in  this  sha]>e  is  called  a  Sutro 
weir  •  and  such  have  been  used  to  measure  chemical  solutions  for 
water-softening  plants.  Little  is  known  about  the  coefficients  and 
hence  (72^)2  gives  results  loo  large.  A  Sutro  weir  used  in  1915  at 
Ihe  University  of  California  f  was  like  Fig.  72ia  and  of  dimensions 
a  E  ^  feet,  b  =  3  feet;  seventeen  measurements  when  plotted  ga\x 
the  discharge  formula  as  9  =  1.46W  +  0.01,  while  (724)2  gives 
Q  =  2.^211  —  0.016.  Of  course  a  weir  might  be  buUt  as  in  Fig. 
72ifi  and  then  the  theoretic  <h»charge  would  be  double  that  of  (72i)i. 

Ptob.  72}.    Pi-rlorai  the  algebraic  work  above  iodicated  and  deduce 
the  vahies  oiA.B,  C,  D.  E,  F.  G. 


Art.  73.    OBLiQira;  Weirs 
In  certain  cases  weirs  or  dams  are  built  obb'queiy  acii 
streams.     When  the  velocity  of  the  stream  is  small,  so  that 
the  water    approaches  the  crest  in  a  direction  sensibly    at 
right  angles  to  it.  the  discharge  is  proportional  to  the  crest 
length  and  may  be  computed  by  the  formulas  already  given 
When,  howc\'er,  the  velocity  becomes  so  great  that  the  wat' 
approaches  the  crest  obliquely,  the  discharge  tends  to  appro* 
imatc  that  over  a  weir  placed  normal  to  the  axis  of  the  stream. 
This,  however,  is  not  strictly  true  in  case  the  obliquity  be  large 
in  such  a  case  the  discharge  is  increased  above  that  over  thi 
normal   weir.     An   oblique   weir   is   sometimes   built    to   keep 
-down  the  effect  of  backwater  during  floods,  but  it  causes  a' 
loss  of  available  head  during  medium   and   low  water.     The 
problem  of  the  regulation  of  ri\'iT  heights  is  well  exemplified  by_ 
the  conditions  at  the  Chaudierc  Dam,  Ottawa-i  I 

Achiel  f  experimented  on  weirs  inclined  to  the  axis  of  the  chan* 

•  PrntI,  Engineering  News,  AuRUSt  );,  I9i4,p-  4'';.  f  Mows,  En- 
gineering News,  Aiijtiisl  5.  lois.p'  17J-  lEnginceririB News, June 30, 
1910,  p,  741.  {  Zt'ilsfhrlfl  Vaem  Deutschen  Ingenicurcj  kc  abitract 
in  tltiginrcring  Kctord,  July  j,  i909,p.io. 
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n«l  at  angles  varying  from  1 5  to  90°.  These  weirs  were  pLired 
in  channels  1.64  and  ^.aS  feet  in  width,  the  end  contraclioiis  were 
suppressed,  and  tlie  nappe  was  thoroughly  aerated;  their  height 
was  0^3  foet  and  the  heads  ranged  from  0.04  to  0.60 
feel.  From  these  experiments  the  formula  Z',  =  i  —  IJ/Gr 
was  deduced.  Here  //  is  the  measured  iiead  on  the  weir.  (1  the 
hci^t  o(  tiic  weir  crest  above  the  channel  of  approach,  and  r  a 
number  taken  from  the  table  below.  /*"„  then  is  a  correction 
factor  by  which  the  values  of  t)ie  coeflicient  for  a  vertical  thin- 
edgcd  weir  are  to  be  ir.ultiplicd  in  order  to  obtain  the  aM-fricicnts 
for  each  unit  of  length  of  the  oblicjue  weir.    Thus  formula  docs 

Angle  of  weir  =15°      30<*      45*      Oo"        75"        90° 

f  for  broad  channels   =   1.4       2.8       5.0       9,1       36,3        00 
r  for  narrow  channels  =    1.2        2.1        3.6        7.7        26.3         00 

not  hold  when  the  ratio  H/C  is  greater  than  0.62,  and  this  ratio 
should  be  smaller  as  the  oblitjuiiy  of  the  weir  increases."  In 
general  it  can  be  said  that  outiidc  the  range  of  the  few  experiments 
which  have  been  made  but  little  is  known  on  this  subject. 

Prob.  73.  What  is  the  cocfBcicnt  for  an  oblique  ah&jp-«dfffd  weir 
wilb  cMilnurtiuiLi  suppruMKil,  tg  (cct  long  and  Iwu  feet  Jn  height  when  Ihc 
head  is  0.6  feet  and  Ihc  obliquity  of  the  weir  45  degrees? 


Akt.  74.    CoupirrATioHS  is  the  Metric  Svstbu 

The  formubs  for  dL<(charge  in  Arts.  61-64  arc  rational  and  may  be 
tiscd  in  all  £}'slenis,  the  cocfhcicnts  r  being  abstract  numbers.  In  the 
metric  system  f>  and  //  arc  often  c]q>rcsscd  in  centimeters,  but  they 
should  be  reduced  to  ntetcrs  for  use  in  the  formulas,  and  then  q  will 
be  in  cubic  meters  per  second.  The  mean  ^Tituc  of  Va^  is  4.427  and 
that  of  i/ig  is  0.05102. 

(.Alt,  62)    The  iiead  k  in  meters  corresponding  to  the  mean  veloc- 
ity of  approach  is  to  be  computed  from  the  formula 


h  =  o.o$i02(/i/A)* 


(74). 


In  which  A  is  in  square  meters.     For  example,  take  a  weir  where  B 
-  aoo,  C  =  90,    b  =  45.1,  U  =  26.28  centimeters  and  c  =  0.620. 


^^1 

^^M 

^^^^^^H 

^^^^H 

^^^^^^^^H 

Chap,  6,      Flow  of  Water  over  Weirs 

1   ijy  (63)i  tht  liischiirge  q'  is  o.iiii  cabic  meters  per  second, 
from  (74)i  the  head  h  is  o.ooo;  meters. 

(Art.  63)     Table  74a  gives  values   of  the  coefficient  c  for  weirs 
end  coiiiractioiis,  with  arguments  in  the  metric  system.     Thus, 
=  5.45  centimeters  and  b  =  0.45  meters,  there  is  found,  by  in- 

jlation,  c  =  0.626,  which  is  liable  to  a  probable  error  of  about 

units  in  the  third  decimal  place. 

Table  74(i.     Coefficients  c  fok  Contracted  Weirs 
Arguments  in  Metric_Measurea 

tivt 
Hn 
li- 

i- 

■ 

) 

■ 

Lenglh  o[  WcLr  id  Melcn 

0,2 

0.] 

□.6 

□.0 

'i 

i-o 

S-S 

0.633 
.6l3 
.606 
.fioi 
.5116 

-syi 

0.640 
.614 
.613 

,6oS 
.do; 

.507 

0,647 

■634 
.631 

.616 

.6og 
.(105 

0.653 
.638 
.61s 
.G19 
.613 
.60S 

0.654 
.640 
.617 

.Sii 

.6.S 
.611 

0.656 
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Tablk  74A.    CoEFPiaENTs  c  POK  Suppressed  Wcuts 

Arxtimcnt)  in  Mi'lric  Measure* 
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second,  if  A  and  ff  be  in  meters.     The  metric  values  o(  U  for  use  in 
f67)j  are  found  by  multiplying  those  in  the  text  by  o-ss". 

(.Art.  fi9)  The  formulas  of  the  lirsl  |>;iragraiih  are  Iransfonned 
into  metric  measures  by  replado^  3.33  by  1.S4  and  3.01  by  1.71.  For 
formula  (60),  the  value  of  u  for  ^iam.i  may  ratine  from  about  1.4  to 
3,3.  Tabic  "4ir  gives  metric  values  of  u  as  deduced  from  (he  experi- 
ments made  by  Ba;iin  in  1897,  and  by  Rafter  in  1S9S.  The  explana- 
tion of  this  tabic  is  in  all  respects  like  that  of  Table  G9a.  All  values 
of  M  Riven  in  Art.  fiO  may  be  reduced  to  metric  measures  by  multi- 
plying l>y  0.5531,  this  l>cing  the  ratio  of  the  value  of  Vag  expressed  in 
meters  to  that  expressed  in  feet. 

(All.  71)    The  metric  formula  for  discharge  over  the  triangular 
is  fl  =  1.40  R^. 

(Alt.  72)  The  metric  formula  for  Cippoletli's  trapezoidal  weir 
takes  the  form  9  »  1.86  bU^. 

Piob.  74a.  Compute  ihr  hcvl  ihnl  produces  a  velocity  of  approach 
of  50.S  cenllracters  per  second. 

Pn>b.  74*.   What  arc  the  <iii.oharscs,  in  liters  per  minute,  over  o  sup- 
wdr  1.35  meters  long  when  the  hc-uU  im  the  cital  arc  ii.j,  ta.4> 
and  11.5  ccntimeten.* 
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T,u!LE  lie.     Coefficients  m  foe  Dams 
Melric  Measures 


Width 
of  Crest 

Down- 

Hold  H  on  Cnal  in  Mrt«B 

m 
m 

2 

o,is 

D.iO 

0.60 

cgi 

i.va 

i-S» 

O.ID 

Vtrlical 

i.Ss 

a. 03 

3.0S 

S.03 

3,04 

2.05 

2 

0.30 

\'crlical 

..7B 

I. go 

I.OI 

).o3 

2.04 

2.05 

5 

□,!0 

Vertical 

1 .8  J 

1.84 

1.85 

i.sa 

1.87 

1.87 

4 

0.20 

VtrU'cal 

1.90 

1.92 

1.92 

1.92 

1.92 

3 

0.20 

Vertical 

2,OI 

7. II 

2.04 

1.96 

1.96 

1.95 

2 

O.OD 

1  on  I 

^■ii 

2-34 

J.19 

2. It 

2,06 

»,OJ 

2 

O.IO 

1  on  2 

1-73 

t.90 

[.99 

2.02 

2.02 

2.0I 

2 

a.:a 

I  on  s 

1.8:! 

1.1)7 

1.1)4 

■■93 

■■95 

1.97 

iial 

D.So 

\'LTtii.-:il 

1-43 

■■47 

'■S7 

1.66 

■■77 

I.S7 

ral 

o.3o- 

\'LTtiail 

1.63 

1.66 

1.70 

1.79 

1.87 

1.92 

cnl 

2.00 

Vi'rtii:al 

■  .38 

1.43 

■■37 

t.39 

1.44 

t.49 

cal 

J.OO* 

\'trtical 

'-50 

i.S6 

■■57 

1.58 

i.6a 

■  -63 

I 

Round 

Vertical 

i.f.3 

I- 75 

1. 91 

1.96 

1-99 

2.01 

■  For  eiq>!analion  see  Art.  69. 
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FLOW  OF  WATER  THROUGH  TUBUS 
Art.  75.    Loss  op  Energy  or  Head 


A  tube  is  A  short  pipe  which  miiy  bo  iittached  to  an  orifice 
or  be  used  for  connecting  two  vessels.  The  most  common  form 
is  a  cylinder  of  uniform  cross-section,  but  coiucat  forms  arc  also 
used,  and  in  some  ciscs  a  tube  h  made  of  cylinders  with  diftcrcnt 
diameters.  The  taws  of  flow  through  tubes  are  important  as 
a  starting-point  for  the  theory  of  flow  through  pipes.,  for  the  dis* 
charge  from  nozzles,  and  for  the  discussion  of  many  practical 
hydraulic  problems.  The  theorem  of  Art.  31,  that  prcssure- 
licad  plus  vcLodty-hcad  is  a  constant  for  a  gi%'en  section  of  a 
tube,  is  only  true  when  there  are  no  losses  due  to  friction  and  im- 
pact. As  a  matter  of  fact  such  losses  always  cnst  and  must  be 
regarded  in  practical  compulations. 

Energy  in  a  tube  filled  with  moving  water  exists  in  two  forms, 
in  potential  energy  of  pressure  and  in  kinetic  cnergj-  of  motion. 
Thus  in  the  horizontal  tube  of 
Fig.  75ii  let  two  piezometers 
(Art.  37)  be  insCTtcd  at  the  sec- 
tions Hi  and  ot  where  the  velocities 
are  pi  and  tij  and  it  is  found  that 
the  water  rises  to  the  heights  hi 
and  hi  above  the  middle  of  the 
tube.  I^t  II'  be  the  weight  of 
water  that  passes  each  section  per 
second.  Then  in  the  first  section  the  pressure  energy  per  sec- 
ond is  K'Ai  and  the  kinetic  energy  per  second  is  W  •V\''/3g,  so 


Fis.75*. 


that  the  total  energy  of  the  water  passing  that  section  in  one 


aecond  is 


Wh,  +  lVVi'/2$ 
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Ihf  same  manner  the  total  energy  of  the  water  passing  the 

\iv]  section  in  one  second  is 

117/:  +  W  ■  iH^/2g 

ihis  is  less  than  the  former  because  some  energy  has  been 
l-ndcfi  in  frktion  and  impact.  Let  Wh'  be  the  amount  of 
l^y  thus  lost ;  then  equating  this  to  the  dilTerence  of  the  ener- 

in  the  two  sections,  (he  W  cancels  out  and 


2g     n 


(75), 


quantity  /;'  is  called  the  lost  head,  and  the  equation  shows 
it  equals  the  dilTerence  of  the  pressure-heads  plus  the  differ- 
of  the  velocity-hearis, 

hydraulics  the  terms  "  energy"  and  "head"  are  often  used 

juivalent,  a!thout:h  re.Tlly  energy  is  proportional  to  head.     In 

[general  case,  the  lost  head  is  not  a  loss  of  pressure-head  only, 

a   loss   of   both    pressure-head   and    velocity-head.     When,' 

.LT,  the   two  sections  are  of  equal  area,  the  velocities  Vi 

^f  wat 
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I  the  tube.  At  >»  o ;  also  Vi  =  o  and  fi  =  p  ;  th«i  h'  =  h  ~  v'/ig, 
I  For  the  case  in  Fig.  7.V,  where  the  stream  apptx>achcs  with  the 
I  wlocity  ti,  the  fonimla  becomes  A'  =  /i|  +  (ri*  -  p')/Ji.  In 
both  cases,  if  A'  is  macic  rxto.  these  equations  reduce  to  those 
established  in  the  chapter  on  theoretical  hydraulics,  where  Icsse 
of  cncixy  were  not  considered ;  thus  for  the  second  case  the  thco-'' 
retic  effective  bead  h  is  equal  to  A|  +  vt'/ig. 

In  order  to  use  (75)i  for  numerical  computations  three  quan- 
tities must  be  known,  the  difference  Ai— Aj,  and  the  vclocilies 
Pi  and  pj.  As  a  direct  measurement  of  the  veiocitics  is  usually 
impracticable,  these  arc  generally  computed  from  the  measured 
discharge  tj  and  the  areas  (i|  and  <h  of  the  cross-sections;  thus 
Pi  ■=  q/a,  and  r,  =  q/ot.  For  example,  Id  the  cross-si-clion  be 
dnrular,  having  diameters  of  iS  and  6  inches,  and  let  the  di-schar 
be  4.7  cubic  feet  per  second ;  the  areas  are  1.767  and  0.196  squar 
feet,  and  the  velocities  are  1.66  and  33.^4  feet  per  second.  If 
the  difference  of  the  pressure-heads  is  S.85  feet,  the  lost  head  is 

V  =  8.85  +  ox)i555(j.66'  -  23.94')  =  0-05  feet 

The  general  formula  (75)i  may  be  expressed  in  terms  of  the  arc 
of  the  sections  and  one  of  the  velocities.    Since  <Tit<i  =>  oiVt  it  may 
be  written  /       .  « - 1 


or 


^.,._^^(^^;..)^ 


(75), 


which  are  often  convenient  forms  for  numerical  computations. 

PniJ>.  75.  In  Fig.  7.''m  lei  the  areas  oi  and  a,  be  i.o  and  o.j  square  fwi, 
Ai  -  A)  -  o.6q7  feet,  and  v,  =  j.5  feet  per  second.  What  is  the  value  of 
the  lost  bead? 

Art.  76.    Loss  Due  to  Expansion  op  Section 

When  a  tube  or  pipe  is  filled  with  flowing  water  a  lo^  of  head 
is  found  to  occur  when  the  section  is  enlarged,  so  that  the  velocity 
is  diminished,  Ttiis  case  is  shown  in  Fig.  7Ua,  where  t'l  and  itt 
arc  the  velocities  in  the  smaller  and  larger  sections  and  A|  and  kt 
the  corre^Muding  pressure-heads.    'I'he  interior  surface  may  be 
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very  smooth,  so  that  friction  has  but  little  influence,  and 
there  will  usually  be  more  or  less  loss  due  to  the  fact  thai  tlie  veloc- 
ity Vi  is  changed  to  the  smaller  value  i-j.  romiula  (75)i  is  here 
directly  applicable  and  gives  the  loss  of  head.  It  ts  seen  that 
A|  —  /ii  must  be  negative  for  this  case  and  that  its  numerical 
value  will  be  less  than  that  of  the  difference  of  the  velocity-heads. 
The  general  formula  (75)i  gives  the  loss  of  head  due  not  only  to 
expansion  of  section,  hut  to  all  resistances  between  any  two  sec- 
tions of  a  horizontal  tube  or  pipe. 

When  there  is  a  sudden  enlargement  of  section,  as  in  Fig. 
76ft,  energy  is  lost  in  impact.    In  the  section  AB  the  pressure- 


Pig.  TOa. 


JTB-iat. 


head  is  h,  and  the  velocity-head  is  Hi'/ag,  while  in  the  section  CD 
the  pressure-head  has  the  larger  value  fe  and  the  velocity-head 
has  the  smaller  value  i^'/ig.  At  the  section  AfN,  near  the  place 
of  sudden  expansion,  the  pressure-head  is  also  Aj,  since  the  velocity 
Vi  is  maintained  for  a  short  distance  after  leaving  the  small 
section;  its  direction,  however,  being  changed  so  as  to  form 
whirls  and  foam.  In  this  region  the  impact  occurs,  the  velocity 
Vi  being  finally  decreased  to  :^.  Let  at  be  the  area  of  the  sections 
M!f  and  CD,  and  w  the  weight  of  a  cubic  unit  of  water.  Then 
by  (15)  the  hydrostatic  pressure  normal  to  the  section  CD  is 
wothi,  and  that  normal  to  the  section  M.V  is  u^sA|.  The  dif- 
ference of  these  pressures  is  the  force  which  causes  the  \xloc- 
ity  Vi  to  decrease  to  Vj,  and  by  Art.  27,  this  force  is  equal  to 
Wivi—Vi)/g.  where  If  is  the  weight  of  water  passing  the  section 
CD  in  one  second.    Hence 


< 
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ivotAi  —  waihi  =  W 


and,  sinctt  W  equals  woiVt,  this  equation  becomes 

g 

Inserting  this  value  of  Aj  —  Ai  in  (75),,  it  reduces  to 

3g 


{76)i 


which  Is  the  loss  of  head  due  to  sudden  expansion  of  section,  or 
ruther  due  to  the  sudden  diminution  of  velocity  that  is  caused 
by  such  expansion. 

When  the  expansion  of  section  is  made  gradually  and  with 
smooth  cun-es.  the  velocity  Vi  will  decrease  without  whirl  and 
foam,  so  that  no  loss  in  impact  occurs.  In  this  case  the  kinetic 
energj'  WTi'/aj  is  thangcd  into  pressure  energj",  as  the  velocity 
t>,  decreases  lo  Vt-  There  is,  however,  no  diatincl  line  of  demar- 
cation between  sudden  and  gradual  expansion,  so  that  in  many 
practical  cases  it  is  necessary  to  make  mcasurcmcnis  of  tlie  dis- 
charge and  of  the  head  ^-A|  in  order  to  compute  the  lost  bead 
A'  from  (75)i,  which  b  a  formula  applicable  to  all  cases. 

Sudden  enlargement  of  section  should  always  be  avoided  in 
tubes  and  pijK-s  owing  lo  the  loss  of  head  that  it  c-iuse^,  whic 
may  often  be  very  great.     For  example,  let  there  be  no  prcssurc-1 
head  in  the  section  di  and  let  I'l  l>e  due  to  a  head  A  so  that  Vi  a 
•^igh ;  let  the  area  a,  be  four  limes  that  of  U|  so  that  vt  is  one- 
fourth  of  C|.    The  loss  of  head  due  to  sudden  expansion  then  b 

SO  that  more  than  one-half  of  the  energy  of  the  water  in  d|  13 
lost  in  impact,  having  been  changed  into  heat.  In  the  section 
Of  the  effective  head  is  ^  A,  of  which  ^'^  A  is  velocity-head  and 
A  is  pressure-liead. 

Formula  (76)i  may  be  expressed  in  terms  of  the  areas  of  th« 
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sections  and  one  of  the  velocities,  since  OiPi  =  OiVj. 
of  A'  lakes  Uie  two  fortiis 

\       a,/   ag      \ai      /    2g 

and  these  show  that  no  loss  of  bead  occurs  when  ai  =  Oj. 

Prob.  7<{.  In  a,  horiK<mt;il  tulw  like  Fi^.  76a  ihc  diarnctcrs  arc  6  inches 
and  tj  inches,  niiii  the  hcifthts  of  the  pre^ure-i:oIumi)&  or  pjrzomctcra  are 
II. i6  fw-'t  and  11.96  feet  alwjve  tlic  sanie  btnch-mark.  Find  ihi;  loss  of 
htaii  tdrtwccn  ihe  two  sections  when  the  discharge  is  1.57  cubic  feet  per 
second,  and  also  whco  it  is  4.71  cubic  feet  per  second. 

Art.  77.    Loss  Dt;E  to  Contraction  of  Section 

When  a  sudden  contraction  of  section  in  the  direction  of  the 
flow  occurs,  as  in  Fig.  77,  the  water  suflers  a  contraction  similar 
to  that  in  the  standard  orifice,  and  hence  in  its  ctpansion  to  fill 
the  second  section  a  loss  of  head  results.  Let  V|  be  the  ve- 
locity in  the  larger  section  and  s  that 
in  the  smaller,  while  t-*  is  the  velocity 
in  the  contracted  section  of  the  flowing 
stream ;  and  let  Oi,  a,  and  a'  be  the 
corresponding  areas  of  the  cross-sec- 
tion.s.  From  the  formula  (76)i  the  loss 
of  licatl  due  to  the  expansion  of  section 
from  d'  to  d  is 


*..(!_  ,)'jd=(l_,Yi    (77). 


Fi|E.  77. 

in  which  Ci  is  the  coefficient  of  contraction  of  Oie  stream  or  the 
ratio  of  a'  to  a  (Art.  44). 

The  value  of  Cc  depends  upon  the  ratio  between  the  areas  a 
and  Of  When  a  h  small  compared  witii  di.  the  value  of  c,  may 
be  taken  at  0.63  as  for  orifices  (Art.  44).  When  a  is  equal  toai, 
there  is  no  contraction  or  expansion  of  the  stream  and  c,  is  unity- 
Let  d  and  di  he  the  diameters  corresponding  to  the  areas  a  and  Si^ 
j-nd  let  r  be  the  ratio  of  d  to  di.  Then  experiments  soein  to  in- 
dicate that  an  cxpresaon  of 


1 


€e=m- 


i.i-r 
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gives  the  law  of  variation  of  c'  with  r.  Placing  c  =  Q.6i  and 
/■  =  o  gives  one  equation  betwtx-n  m  and  n:  placing  c,  =  i.oc 
and  r=  r  pvcs  another  equ.ition;  and  the  solution  of  these  fur- 
nishes the  values  of  m  and  «.    Thus  is  found 


k 


o.s8a  +  ^-^  (77), 


rom  which  approximate  values  of  Ci  can  be  computed ; 

lor      r  =  o.o        0.4        0.6        0.7        0.8       0.9       o.gj        i  .0 
c'  =  0.62      0.64      0.67      0,69      0.72     0,79    0.86       i.oo 

from  which  intermediate  values  may  often  be  taken  without  the 
necessity  of  using  the  formula. 

For  a  case  of  gradual  contraction  of  section,  such  as  shown  in 
Fig.  75a.  the  loss  of  head  is  less  than  that  given  by  formuht  C77)i, 
and  it  can  only  be  determined  from  three  mca.iured  quantities 
by  the  help  of  the  general  formulas  of  Art.  75.  If  the  change 
of  section  is  made  so  that  the  stream  has  no  subsequent  enlarge- 
ment, loss  of  head  ts  avoided;  for,  as  the  above  discussions  show, 
it  is  the  loss  in  velocity  due  to  sudden  expansion  which  causes  the 
loss  of  head. 

The  loss  due  to  sudden  contraction  of  a  tube  or  pi]>e  is  often 
much  smaller  than  that  due  to  sudden  expansion.  For  instance,  let 
lh«^  diamelCT  of  the  large  wclion  be  three  iim<ss  that  »f  the  smaller, 
and  ilic  velocity  in  the  large  section  be  1  feet  per  second,  then  the  loss 
of  head  which  occurs  when  the  flow  {lagse^  from  the  .iniat!  to  the 
targe  section  is,  by  Art.  76, 

4'  =  0.01555(18  -  3)»  =  4.0  foet 

But  if  the  flow  occurs  in  the  opposite  direction,  the  ratio  r  is  |,  the  co- 
efficient c'  is  about  0.64,  and  the  loss  of  head  h 

*'  =  o.oi5ss(^-  iYi8»=  1.6  feet 

When.  howc\-cT,  the  ratio  r  is  highw  than  0.77,  the  loss  due  to  sudden 
contraction  in  giaLlcr  than  that  due  to  sudden  expansion.  Thus,  U 
the  diantctCT  of  the  small  section  be  nine-tenths  that  of  the  targe  one 
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and  the  velocity  hi  Uie  large  section  be  i  feet  per  second,  the  loss 
hvud  wh«n  the  fiow  pusses  from  the  small  to  the  large  section  is 

A'  =  o.oisssf— ^ t)  a*  =  0.0034  (cct 

But  if  the  flow  occurs  in  the  opposite  direction,  the  ratio r  is  0.9,  the] 
cocffidcnt  c'  is  0,79,  and  the  loss  o(  head  is 

A'  =  o.oi555(— ' r )  a.47*  =  aoo66  feet 

\0.79        / 

As  formula  (77}i  is  an  empirical  one  the  results  derived  from  it  arc  tc 
be  regarded  as  approximate. 

Prob.  77.  Compute  the  loss  of  head  when  a  ptpc  wiiich  disctiarfcs  1.57 
cubie  (ift  [Ki  Kcond  suddenlj'  diminishes  in  section  from  ii  to  6  inches  in 
diameter. 


Art.  78.    The  Standard  Short  Tube 


H 

lort-f 


An  adjutage  is  a  tube  inserted  into  an  orifice,  and  the  short- 
tube  adjutage,  consisting  of  a  cylinder  whose  length  is  about 
three  times  its  diameter,  is  the  most  common  form.  For 
convenience  it  will  be  called  the  standard  short  tube,  because 
its  theory  and  cocflicicnts  form  a  starting-point  with  which  all 
other  adjutages  may  be  compared.  This  short  tube  is  of  Hllle 
value  for  the  measuremrnt  of  water,  since  the  coefficients  for 
standard  orifices  are  much  more  definitely  known.  'ITie  discus- 
sion here  given  is  for  the  case  where  the  inner  edge  is  a  sharp, 
definite  comer  like  that  of  the  standard  orifice  {.Art.  -13),  When 
the  tube  is  only  two  diameters  in  length,  the  stream  passes  through 

without  toucliing  it,  as  in 


I 


Fit  78*. 


F1g.7B». 


Fig.TSfl,  and  the  discharge 
is  the  same  as  from  iht 
orifice.  VH'hcn  it  is  length-  ■ 
encd  suffificntly,  the 
Stream  expands  and  fills 
the  tube,  as  in  Hg.  78i, 
By  observations  on  glass 


and  the  discharge  is  much  increased. 

tubes  it  is  seen  (hat  the  stream  usually  contracts  after  leaving 

the  inner  end  of  the  tube  and  then  expands.    This  contraction 
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may  be  apparently  destroyed  by  agitating  the  water  or  by  strik- 
ing the  tube,  and  the  entire  tube  is  then  filled,  yet  if  a  hole  is 
bored  in  the  tube  near  its  inner  end,  water  does  not  flow  out,  but 
air  enters,  showing  that  a  negative  pressure  exists. 

An  estimate  of  the  velocity  and  discharge  from  this  short- 
tube  adjutage  may  be  made  as  follows:  Let  At  be  the  head  on  the 
inner  end  of  the  tube  and  v  the  velocity  of  the  outflowing  water. 
The  head  A  equals  the  \'cIocity-head  v'/ig  plus  all  the  losses  of 
head.  At  the  inner  edge  a  loss  of  o.i  i  v'/ig  occurs  in  entering 
the  tube,  as  in  the  standard  orifice  (Art.  66),  and  then  there  is 
a  ioss  of  (y  —  vy/3g  when  the  contracted  stream  suddenly  ex- 
pands BO  that  its  velocity  v'  is  reduced  to  v  (Art,  7G),  If  a' 
and  a  are  the  areas  of  these  two  sections,  their  ratio  a'/a  is  the 
coefficient  of  contraction  c,.    Then 


A  =  o.ii  — +  ( —  i)  — I 

2g        \Ct  f    2g         3g 


Now,  taking  for  c,  its  mean  value  0.63,  this  equation  reduces 
to  p  =  cSaVajfA,  or  the  coefficient  of  velocity  of  the  issuing 
jet  b  o.8j.  Since  the  cross-section  of  the  stream  at  the  outer 
end  of  the  tube  is  the  same  as  that  of  the  tube,  tlie  coefficient 
of  contraction  for  that  end  is  unity,  and  hence  (.Art.  40)  the  mean 
value  of  the  coefficient  of  discharge  is  also  0.S3. 

While  this  theoretic  discussion  does  not  take  account  of  losses 
due  to  the  small  frictional  resistances  along  the  sides  of  the  tube 
after  the  stream  has  exjxknded,  the  mean  results  of  the  experi- 
ments of  V'cnturi  an<l  Bossut  give  closely  the  same  coefficient. 
Hence  both  theory  and  practice  agree  in  establishing  as  an  aver- 
age value  for  the  short  tube, 

Coefficient  of  discharge  c  =  0^2 

This  coefTicient,  however,  ranges  from  0.83  for  low  heads  to  0.79 
for  high  heads.  It  is  greater  for  large  tubes  than  for  small  ones, 
its  law  of  variation  being  probably  the  same  as  for  orifices  (Art. 
47),  but  sufhcicnt  experiments  have  not  been  made  to  slate  defi- 
nite vaJucs  in  the  form  of  a  tabic. 
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A  standanl  orifice  gixTS  on  the  average  about  6i  percent  of 
the  theoretic  discharge,  but  by  the  addition  of  a  tuhc  this  may 
be  increased  to  &2  percent.  The  velocity-liead  of  the  jet  from 
the  tube  is,  howe\'cr,  much  less  than  that  from  the  orifice.  For, 
let  r  he  the  velocity  and  A  the  head,  theii  (Art.  45)  for  the  standard 
orifice  v  =  o.gSV^h    or    v'/2g=o.96k 

and  similarly  for  the  standard  tube 

V  =  0.&2  VagA     or    o'/ig  =  0.67  A 

Accordingly  the  velocity-head  of  the  stream  from  the  stiindanl 
orifice  is  96  percent  of  the  theoretic  velodly-head,  and  thai  of 
the  stream  from  the  standard  tube  is  only  67  percent.  Or 
if  jets  arc  directed  vertically  upward  from  a  standard  orifice  and 
tube,  as  in  Fij;.  7Sc  that  from  the  former  rises  to  the  height  0.96  4, 

while  that  from  the  latter  rises 
to  the  height  0.67  A,  where  A  is 
the  head  measured  downward 
from  the  surface  of  water  in 
the  reser\-oir  to  the  point  of 
e-\it  from  the  orifice. 

Tlie  energy  lost  in  the 
stream  from  the  standard  ori- 
fice is  hence  4  percent  ol  the  j 
theoretic  cncrgj',  but  .?,?  per- 
cent is  lost  En  the  stream  from 
the  standard  tube.  In  reality  energy  is  never  lost,  but  ts  merely 
transformed  into  other  forms  of  energj".  In  the  lube  the  one- 
third  of  the  total  energy  which  has  been  called  lost  is  only  lost 
because  it  cannot  be  utilized  as  worli;  it  b,  in  fact,  transformed 
into  heat,  which  raises  the  temperature  of  the  water.  The  above 
explanation  shows  that  most  of  this  lo^  is  due  to  impact  re- 
sulting from  sudden  expansion  of  the  stream. 

'iTie  loss  of  head  in  the  flow  from  the  short  tube  is  large,  but 
not  so  large  as  might  be  expected  from  theoretical  considerations  f 
based  on  the  known  coefficients  for  orifices.     When  the  tube  h.'is 
a  length  of  only  two  diametens,  the  water  does  not  touch  its 
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inner  surface,  and  the  flow  occurs  as  from  a  standard  orifice. 
The  vtlotity  in  ihc  plane  of  the  inner  end  is  then  6i  percent  of 
the  theoretic  velocity,  since  the  mean  coefficient  of  discharge 
is  0.61.  Now  when  tlic  lube  is  sufficiently  increased  in  length, 
its  outer  end  will  be  filled,  and  if  the  contTaction  still  exists,  it 
might  be  inferred  that  the  coefficient  for  that  end  would  be 
also  0,61 ;  this  would  give  a  velocity-head  of  (0.61)'  A  or  0.57  h, 
so  that  the  loss  of  head  would  be  0.63  A.  Actually,  however,  the 
coefficient  is  found  to  be  0.&2  and  the  loss  of  head  only  0.33  h. 
It  hence  appears  that  further  explanation  is  needed  to  account 
for  the  increased  dbcharge  and  energy. 

In  the  first  place,  a  loia  of  about  0.04  A  occurs  at  the  inner  end 
of  the  tube  in  the  same  manner  as  in  ihc  standard  orifice,  and  only 
the  head  o.q6  k  is  then  available  for  the  subsequent  phenomena. 
If  the  coefficient  c,  for  the  contracted  section  has  the  value  o.ba, 
the  vch>city  in  that  section  is 

0.62 
and  the  velocity-head  for  that  section  is 

and  consequently  the  pressure-head  in  that  section  is 

0.96  A—  1.75  A  =  —  0.79* 

There  exists  therefore  a  ncgati\'e  pressure  or  partial  vacuum  near 
the  inner  end  of  the  tube  which  is  sufficient  to  lift  a  column  of 
water  to  a  height  of  about  three-fourths  the  head.  This  conclu- 
sion has  been  confirmed  by  ex]KTimenl  for  low  heads,  and  was 
in  fact  first  discovered  cxi>crimcntally  by  Venturi.  For  high 
heads  it  is  not  x-alid,  since  in  no  e\-ent  can  atmospheric  pressure 
raise  a  column  of  water  higher  than  about  34  feet  (An.  4) ;  prob- 
ably under  high  heads  the  coefficient  of  contraction  of  the  stream 
in  the  tube  becomes  much  Kieater  than  0.63. 

Hie  cause  of  the  increased  discharge  of  the  tube  over  the 
orifice  is  hence  a  partial  vacuum,  which  causes  a  portion  of  the 
atmo^eric  head  of  34  feel  to  be  added  to  the  head  b,  so  that  the 
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flow  at  the  contrairt«cI  section  occurs  as  if  under  (he  head  h  +  i\. 
The  occurrence  of  this  partial  vacuum  is  attributed  to  the  fric- 
tion of  the  water  on  the  air.  Wht-n  the  flow  begins,  the  stream 
IB  surrounded  by  air  of  the  normal  at- 
mospheric pressure  which  is  imprisoned 
as  the  stream  fills  the  tube.  The  friction., 
of  the  moving  water  carries  some  of  this 
air  out  with  it,  thus  rarefying  the  re- 
maining air.  This  rarefaction,  or  nega- 
tive pressure,  is  followed  by  an  increased 
velocity  of  flow,  and  the  process  con* 
tinues  until  the  air  around  the  contracted 
section  is  so  rarefied  that  no  more  is  re- 
moved, and  the  flow  then  remains  per- 
manent, gi\'ing  the  results  a-scertained 
by  experiment.  'Hie  partial  vacuum  causes  neither  a  gain  nor 
loss  of  head,  for  although  it  increases  the  velocity-head  at  the 
contracted  section  to  1.75  A,  there  must  be  expended  0.79A  in 
order  to  overcome  the  atmospheric  prcswure  at  the  outer  end  of' 
the  lube.  The  experiments  of  Buff  have  proved  that  En  ani 
almost  complete  vacuum  the  discharge  of  the  lube  is  but  little 
greater  than  that  of  the  orifice.* 

Prob,  78.     WTicn  the  coefTicIeiit  of  contraction  (or  Ok  contractwl  sec- 
lion  i%  0.70,  find  the  probable  ootflicicnl  of  discharge  and  also  the  ncKalivc 

prcssurc-hcttd. 
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Conical  converging  tubes  arc  u.scd  when  it  is  desired  to  obtain 
a  high  efficiency  in  the  energy  of  the  stream  of  water.    At  A,  Fig.  ■ 
79,  is  shown  a  simple  converging  tube,  con-sisting  of  a  frustum  of 
a  cone,  and  at  i^  is  a  similar  fnistimi  provided  with  a  cylindrical 
tip.    The  proportions  of  these  converging  tubes,  or  mouthpieces,! 
vary  somewhat  in  practice,  but  the  cylindrical   tip  when  cm-  \ 
ployed  is  of  a  length  equal  to  about  2\  times  its  inner  diameter,  '• 
while  the  conical  part  is  eight  or  ten  times  the  length  of  that 


*  AiuulenderPhyukuadChenuk,  1S39,  vol.  4<,  p.  14a. 
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diameter,  the  angle  at  the  vertex  of  the  cx>ne  being  between 
lo  and  20  degrees. 

The  stream  from  a  conical  converging  tube  like  A  suffers 
a  contraction  at  some  distance  beyond  the  end.  Tlie  coefficient 
of  discharge  ts  higher  than 
that  of  the  standard  tube, 
being  generally  between  0.85 
and  0.95,  while  the  coefficient 
of  velocity  is  higher  slil!. 
Experiments  made  by  d'Au- 
buis-wn  and  Castel  on  conical 


PI«.  79. 


converging  tubes  0.04  meters  long  and  0.0155  meters  in  di- 
ameter at  the  small  end,  under  a  head  of  3  meters,  furnish 
the  coefficients  of  discharge  and  velocity  given  in  'fable  79. 


Table  79 

COKFOdENTS    FOR    CONICAL   TOBES 

AiK^WCOM 

DiKhMB 

t 

Conlractiaa 

©•    oy 

^ ^ — .. 

o.Sig 

1.00 

I     Jft 

JM 

M7 

4     i« 

M 

410 

7      J» 

■MO 

■m» 

o,M« 

10      10 

-MS 

■Mt 

,gSO 

13      14 

««6 

^3 

.<J8J 

t6      36 

■m8 

•nt 

.066 

11      00 

^'9 

H»;j 

•Hi 

■9      S8 

-«« 

.9TS 

.918 

48      so 

A»7 

4S4 

.861 

The  former  of  these  was  <letermined  by  measuring  the  actual  dis- 
charge (Art.  46).  and  the  latter  by  the  range  of  the  jet  (Art.  45). 
The  coefficient  of  contraction  ascomputed  fromthescisgivenin  the 
last  column,  and  ttiis  applies  to  the  jet  at  the  smallest  section, 
some  distance  beyond  the  end  of  the  tube.  While  these  values 
sliow  tliat  the  grcatL-st  discharge  occurred  for  an  angle  of  about 
13$°,  they  also  indicate  that  the  coefficient  of  velocity  in- 
creases with  the  convergence  of  the  cone,  becoming  about  equal 
to  that  of  a  standard  orilicc  for  the  last  value.    Hence  the  table 
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seems  to  teach  that  a  conical  frustum  does  not  usually  gi^-c  as 
high  a  vclodty  as  a  stan<lard  orifice. 

Under  very  high  heads,  o\'cr  300  feel,  Hamilton  Smith  found 
the  actual  discharge  to  agree  closely  with  the  theoretical,  or  the 
coefficient  of  discharge  was  nearly  i.o,  and  in  some  cases  slightly 
greater.*  His  tubes  were  about  0.9  feet  long,  0.1  feet  in  diameter 
at  the  small  end  and  0.35  feet  at  Ihe  large  end,  the  angle  of 
convergence  being  17°.  As  these  figures  indicate  a  contrac- 
tion of  the  jet  beyond  Ihe  end.  it  cannot  be  suppafM^l  that  the 
coefficient  of  discharge  in  any  case  was  really  as  high  as  liis  ex- 
periments indicate.  Under  these  high  heads  the  c>'lindrica! 
tip  applied  to  the  end  of  a  lube  produced  no  effect  on  the  dis- 
charge, the  jet  passing  through  without  touching  its  surface, 

FTob.  79.  WTiin  the  coefficient  of  dischatgc  of  a  lube  is  0.98  niid  (be 
cocflK-ii-ni  of  velocity  of  ibe  jet  Is  0.995,  compute  ihc  cocfficicat  of  contne- 
tion  of  I  he  jet. 

Art.  80.    Inward  Projecting  Tubes 

Inward  projecting  lubes,  as  a  rule,  give  a  less  discharge  tharT 
those  whose  ends  arc  flush  with  the  side  of  the  rcscr\-oir,  due  to 
the  greater  convergence  of  the  lines  of  direction  of  the  fiL-unetits 
of  water.  At  A  and  B,  Fig.  80,  arc  shown  inward  projecting 
lubes  so  short  that  the  water  mcrelj-  touches  their  inner  edges, 
and  hence  they  may  more  properly  be  called  orifice*.  Experi- 
ment shows  thai  the  case  at  A,  where  the  sides  of  the  tube  are 


Fi»,  so. 

normal  to  the  side  of  the  rcser\'oir,  gives  the  minimum  coefficient 
of  discharge  e  »  0.5,  while  for  B  the  value  lies  between  0.5  and 
that  for  the  standard  orifice  at  C.  The  inward  projecting  cylin- 
drical tube  at  I)  has  been  found  to  give  a  discharge  of  about 
72  percent  of  the  theoretic  discJiargc,  while  the  standard  tube 


■  H}-d»ulia  (Louiloo  aad  Hem  Yatfc,  itSb),  p.  f8& 
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(Art.  78)  gives  Si  percent.  For  the  tubes  £  and  F  the  coefficients 
depend  upon  tlie  amount  of  inward  projcclion.  ami  they  are 
much  larger  than  0.72  for  both  cases,  when  computed  for  the 
area  of  the  smaller  end. 

It  is  usually  more  convenient  to  allow  a  water-main  to  pro- 
ject inward  into  the  reservoir  than  to  arrange  it  with  its  mouth 
flush  lo  a  vertical  side.  The  case  D.  in  Fig.  SO.  is  therefore  of 
practical  importance  in  considering  the  entrance  of  water  into 
the  main.  As  the  end  of  such  a  main  has  a  flange,  forming  a 
partial  bell-shaped  mouth,  the  value  of  c  is  probably  higher 
than  0.72.  The  usual  \-aluc  taken  is  0.8a,  or  the  simo  !ls  for  the 
standard  tube.  Practically,  as  will  be  seen  later,  it  makes  little 
difference  which  of  these  is  used,  as  the  velocity  in  s.  water-main 
is  slow  and  the  resistance  at  the  mouth  is  very  small  compared 
with  the  frictional  resistances  along  its  length. 

I'rob.  SO.    Find  Uit  coeflident  of  diseharee  for  a  lubt  wrho*c  diametorj 
I  one  inch  when  the  dov  under  a  head  of  9  feet  is  11.1  cubic  feet  in  3  minutts 
Ijosecondx. 

Art.  81.    Diverging  and  Compocxd  Titjes 

In  Fig.  81  is  shown  a  diverging  conical  tube,  BC,  and  two 
und  lubes.    The  compound  tube  ABC  consists  of  two 
coflite,  the  converging  one,  AB,  be- 
ing much  shorter  than  the  diverg- 
ing  one,  BC,  so   that    tlic  shape 
roughly  approximates  to  the  form 
L    of  the  contracted  jet  wliich  issues 
^ftom  an  orifice  in  a  thin  plate. 
^^^bAjie  tube  AE  the  curved  con- 
NBpng  part  AB  closely  imilatcs 
the  contracted  jet,  and  BB  is  a 
short    cylinder  in    which    all    the 
filaments  of  the  stream  are  sup- 
to  move  in  lines  parallel  to 
axis  of  the  tube,  the  remaining  part  being  a  frustum  of  a 
ne.     Tbe  converging  part  of  a  comjiound  tube  is  often  called 
mouthpiece  and  the  diverging  part  an  a<ljutagc. 


-    B  ^jS    -a- 
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Many  experiments  with  these  tuhes  hiive  shown  the  Inter- 
esting fact  that  the  discharge  and  the  velocity  through  the  small- 
est section.  B.  are  grealer  than  those  due  to  the  head;  or,  in 
other  words,  that  the  cocflicicnts  of  discharge  and  vclodty  (or 
this  section  are  greater  than  unity.  One  of  the  first  to  notice 
this  was  Bernouilli  in  1738,  who  found  c  =  i.oi!  for  a  divcfging 
tube.  Venturi  in  1791  experimented  on  such  tubes,  and  sJiowed 
that  the  angle  of  the  diverging  part,  as  also  its  length,  greatly 
influenced  the  discharge.  He  concluded  that  c  would  have  a 
maximum  value  of  1.46  when  the  length  of  the  diverging  part 
was  nine  times  its  least  diameter,  the  angle  at  the  vertex  of  the 
cone  bfing  5*  06'.  Eytelwcin  found  tr  =  i.iS  for  a  di\frging 
tube  like  BC  in  Fig,  81,  but  when  this  tube  was  used  as  an  ad- 
jutage to  a  mouthpiece  AB,  thus  forming  a  compound  tube  ABC. 
he  found  c  =  1.55. 

The  experiments  of  Francis  in  1854  on  a  compound  tube  like 
ABCDE  are  very  interesting.*  The  cur\'e  of  the  converging 
part  AB  was  a  cycloid,  BB  was  a  cylinder,  and  the  diameters  at 
A,  B,  C.  D,  and  E  were  r.4.  o.ioa,  0.145,  0.334,  and  0.321  feet. 
The  piece  BB  was  o.i  feet  long,  and  the  others  each  ifoot; 
these  were  made  to  screw  together,  so  that  experiments  could 
be  made  on  different  lengths.  A  sixth  piece,  EF,  not  shown  in 
the  figure,  wa-s  also  used,  which  was  a  prolongation  of  the  diverg- 
ing cone,  its  largest  diameter  being  0.4085  feel.  The  lubes  were 
cast  iron,  and  quite  smooth.  'ITic  flow  was  measured  with  the 
tubes  submerged,  and  the  efleclive  head  varied  from  about  o.oi 
to  1.5  feet.  Elxduding  heads  less  than  0.1  feet,  the  following 
shows  the  range  in  value  of  the  coeffidents  of  discharge: 


I 
I 
1 
I 


for  tube /IS. 
for  tube  AC, 
for  tube  A  D, 
for  tubv'  AE. 
forlubCi-lf, 


<fof  StriknM 
0.S0  to  0.Q4 
1-43*0  1.59 
1 .98  to  3.16 
2.0S  to  343 
ax>5  to  341 


(InOulHeMt 

0.80  to  0.94 
O.JO  to  0.78 
0.37  to  o-»i 

0.31  to  0.34 

0.13  to  0.15 


*  Lowell  Hyilnulic  Expniistnifa.  tih  Edition,  pp.  M^aji. 
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The  maximum  discluirgc  was  thus  found  to  occur  with  the  tube 
AE,  and  to  bu  2.43  limes  ihe  theoretic  discharge  that  would  be 
expectetl  for  the  small  section  BB.  In  general  the  coefficients 
increased  with  the  heads,  the  value  3.0$  being  for  a  head  of  0.13 
feet  and  2.43  for  a  head  of  1.36  (eet;  for  1.39  feet,  however,  c 
was  found  to  be  3.36. 

These  coefficients  of  discharge  are  the  same  as  the  coefficients 
of  velocity,  since  the  tube  was  entirely  filled.  Thus,  when  the 
coefficient  for  the  section  BB  was  243,  the  velocity  was  ■ 

p  =  S43  V2gA,  j 

and  the  velocity-head  was  I 

»*/2g  =  (2.43)**  =  5.90/1  I 

Therefore  the  flow  through  the  section  BB  was  that  due  to  a  head  ' 
5.9  times  greater  than  the  actual  head  of  1.36  feet;  or,  in  other 
words,  the  cnerg>'  of  ihc  water  flowinj;  in  BB  was  5.9  times  the 
theoretic  energ>'.  Here,  apparently,  is  a  striking  contradic- 
tion of  the  fundamental  law  of  the  conservation  of  energy. 
The  explanation  of  this  apparent  contradiction  is  the  same  as 
that  given  in  Art.  78  for  the  short-tul)c  adjutage.  The  increased 
velocity  and  discharge  is  due  to  the  occurrence  of  a  partial  vac- 
uum near  the  inner  end  of  the  adjutage  BC.  The  pressure  of  the 
atmosphere  on  the  water  in  the  reservoir  thus  increases  the  hydro- 
static pressure  due  to  the  head,  and  the  increased  flow  results. 
The  energy  at  the  smallest  section  is  accordingly  higher  than  the 
theoretic  energy,  but  the  excess  of  this  above  that'duc  to  the  head 
must  be  expended  in  overcoming  the  atmospheric  pressure  on 
the  outer  end  of  the  tube,  so  that  in  no  case  docs  the  available 
exceed  the  theoretic  energy.  No  contradiction  of  the  law  of 
conservation  therefore  exists. 

To  render  thb  explanation  more  definite,  let  ihe  extreme  CJise  be 
considered  where  a  complete  vacuum  exists  ni-ar  the  inner  end  of  the 
adjutage,  if  that  were  poasibie,  a:^  it  perhaps  might  \>e  with  a  tube  of 
a  certain  fonn.  Let  h  be  the  licad  of  water  in  fvet  on  the  center  uf 
the  smallest  section.  The  mean  atmospheric  pressure  on  the  water 
la  the  reservoir  is  equivalent  lo  a  head  of  34  feet  (.\rt.  ■!).  Hence  j 
the  total  head  which  causes  the  discharge  into  the  vacuum  is  A  +  34 
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and  the  \-clocily  of  flow  is  nearly  v'jg(/i  +  54).  NcglectinR  the  re- 
sistances, whxli  are  very  slight  if  the  enlraocc  is  curved,  the  coeffidcnLs 
of  velocity  anJ  d ^charge  can  now  be  found ;  thus : 

for  A  =100,  P=VigXi54 

for*- 

forA  = 


10, 


i> 


l,  =  V2gX    44  =  J.loV2j[A 


Th*"  coefficienl  hence  increases  .is  the  head  di-crca«.-s.  That  this 
not  Ihc  case  in  the  above  experiments  is  undoubtedly  due  to  the  tact 
that  the  vacuum  was  only  partial,  and  that  the  degree  of  rarvfaction 
varied  with  the  velocity.  The  cause  of  the  vacuum,  in  fact,  is  to  be 
attributed  to  the  velocity  of  the  stream,  which  by  friction  removtsj 
part  of  the  air  from  the  inner  end  of  the  adjutage. 

It  follows  from  this  explanation  that  the  phenomena  of  !d( 
discharge  from  a  compound  tube  could  not  be  produced  in  the  absence' 
of  air.  The  experiment  has  been  tried  on  a  small  scale  under  the  ic- 
ceix-er  of  an  air-pump,  an<l  it  was  found  that  the  actual  flow  through 
the  narrow  section  diminished  the  more  complete  the  rarefaction. 
It  also  follows  that  it  is  useless  to  state  any  value  as  representing, 
even  approximately,  the  coefficient  of  discharge  for  s^uch  tube». 

Prob.  81.  Compute  the  pressure  per  square  inch  in  the  settion  BB  of 
Friinds'  tube  when  k  =  t.36  feet  and  c  ~  3,45.  What  is  the  height  of  the 
column  of  water  that  can  be  lifted  by  a  small  pipe  inserted  al  BB  ? 

Art.  82.    Submerged  Tubes 

As  shown  in  Art.  51  the  effective  head  h  which  causes  the  flow 
through  a  subroergeil  orifice  or  lulie  is  ihe  difference  in  the  level 

of  the  water  above  and  below 


vZT-- 


^^^--m=^ 


the  orifice  or  tube.  This  dif- 
ference h,  as  in  Fig.  !^,  also 
represents  the  loss  of  head  oc- 
casioned by  the  (low  through 
the  tube.  The  discharge 
tlirough  a  submerged  tube  is 
probably  somewhat  less  than  that  from  the  same  tube  when  dis- 
charging freely  into  the  air.    Stewarl,"  at  the  laboratory  of  the 


Fig.  Si. 


*  Easiaccriug  Rccatd,  Sept.  aS,  1907. 
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University  of  Wiscoosin,  cxpcriniL-ntcd  on  larf*<:  submerged  tubes 
from  4  fevi  by  4  fftl  squiiru.  These  Ivihes  varied  in  lenj;lh 
from  0.3  to  14.0  feet,  white  the  he;ids  A  mngcd  from  0.05  to 
0.30  feet.  EjqKriments  were  nude  under  various  conditions  of 
entrance  by  placing  at  the  mouth  of  the  tubes  an  elliptical 
mouthpiece  as  shown  in  Fig.  82.  This  mouthpiece  was  made 
in  four  parts,  and  after  experiments  with  the  straight  square- 
edged  tube  had  beai  run,  others  with  the  bottom  of  the  mouth- 
piece in  place,  with  the  bottom  and  one  side,  with  the  bottom  and 
two  sides,  and  with  nil  four  of  its  [xirls  in  position  were  made. 

In  the  following  Cable  are  shown  Ihc  results  of  these  experi- 
ments; the  coefficients  in  the  first  line  opposite  each  head  being 
those  for  the  .v{uare-cdgc<1  tube,  while  thasc  in  the  second  Unc 
are  for  the  same  tube  with  the  full  elliptical  mouthpiece  in  posi- 
tion as  shown. 

Table  82.    Cor.pnaENTS  for  SfBUKHOEn  Tubes 


b 

laSKlh  ol  Tule  io  Fat 

<■■»« 

o«t 

i.« 

t-» 

fjM 

!•«* 

i4«i> 

e.os 

0.10 

0.15 

Oi.ao 

R«   ( 

0.30 

0*31 

■94S 
0611 

■911 
0.609 

.936 
O.A09 

-Q4S 
0.610 

•Ai 
0.61 1 

0.630 
0.631 
O.filS 

0.634 
0,639 

0.671 
0.647 
0644 
0.647 
Ol6si 

0.660 

0.769 

■443 
0718 

.gii 
o.;o» 

.QtO 
0.711 

0.7JO 

-938 

o.73< 

0,807 

•040 

0.763 

.«« 
0.758 

0.7M 
.QlS 

0.76Q 

0.814 

■9»7 
0.780 

.841 
0.779 

.8«j 
0.794 

.W6 
0.811 

0.83J 

0.838 

-93' 

O-WS 

Jtgs 

0-K* 

-»w 
O.S09 

0818 
0J5D 

From  an  inspection  of  these  results  it  appears  that  the  coeffi- 
cients for  (he  square-edged  tubes  increase  both  with  the  head  and 
with  the  length  of  the  tube,  while  for  the  tubes  fitted  with  the 
mouthpiece  they  increase  with  the  head  but  decrease  with  the 
length  of  the  tuhc.  Thb  behavior  is  readily  explained  if  iCi 
be  remembered  that  the  larger  quantities  carried  with  the  mouth- 
{Mece  in  position  must  cause  more  friction  and  so  cause  3  reduction 
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in  ihc  effective  head,  TTic  IciiRth  of  the  square-edged  tuf 
ejtperimented  on  was  evidently  nol  siiiricicnt  lo  cause  the  friction 
in  Lhcm  to  overcome  the  tendency  to  greater  discharge  due  to 
contraction  at  entrance  and  subttcquent  expan^on  in  the  tube,  i 

Prob.  S2.    What  will  be  the  discharge  through  a  submerged  squarc-j 
cdKL-d  iul]<:  5  (ct^l  by  4  fci-t  in  scctiun  aiid  10  fcul  long,  when  ihi:  diSc 
between  the  water  levels  above  and  below  it  is  0.5  fcct  f 

^H  Art.  83.    Nozzles  .\nd  Jets 

^H  For  fire  service  two  forms  of  nozzles  are  in  use.    The  smooth^ 

^^  noz^tle  is  essentially  a  conical  tube  like  .4  in  Fig,  70.  the  larger 

I  end  being  attaihed  to  a  hose,  but  it  is  often  provided  with  a  cylin- 

I  drical  tip  and  sometimes  the  larger  end  is  curved,  as  shown 

I  Fig.  83d.     The  ring  nozzle  is  a  similar  tube,  but  its  end  is  cc 


Fig.  83ii, 


Fiii.fi3fc 


tracted  so  that  the  water  issues  through  .in  orifice  smaller 
the  end  of  the  tube.  The  experimenls  of  Freeman  show  that  the 
mean  coefficient  of  discharge  k  about  0.97  for  the  smooth  nozzle 
and  about  0.74  for  the  ring  nozzle.*  The  smooth  nozzle  is  used 
much  more  than  the  ring  nozzle. 

Let  </  be  the  diameter  of  the  pipe  or  hose  and  D  the  diameter 
of  the  outlet  at  the  end  of  the  nozzle,  and  let  v  and  1'  be  the  cor- 
responding velocities.  Let  hi  be  the  pressure-head  al  the  en- 
trance to  the  nozzle ;  then  the  effective  head  at  the  entrance  to 

the  nozzle  is  .a 

n  =  hy  +  ^ 

and  the  velocity  at  the  end  of  the  nozzle  is  V  =c.  Vjgff,  where 
c.  is  the  coefficient  of  velocity,  The  reasoning  of  Art.  50  applies 
here,  if  the  ratio  Ef/d^  is  used  in  place  of  a/ A,  and  Ai  in  place 
of  h,  and  hence 


I 


1 


•-V= 


*?*1 


c'iD/dy 


(83), 


*  TruuBctions  Amcrioui  Society  of  Civil  Engineers,  tSSg^  ^-oL  it,  |^  30j--48i. 
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is  the  velocity  of  6ow  from  the  ncKczIc,  c  being  the  coefficient  of 
discharge.    The  discharge  per  second  is,  from  formula  (50)t, 

'-°'»^^»'\'(,/o--(V)-' 

The  effective  bead  at  Ihc  nozzle  entrance  is 

Ai 


(83), 


//  = 


I    1"^  


and  the  velocity-head  of  the  issuing  jet  is 

V  _       c% 
2g     i-c'iD/d)* 

which  gives  the  height  to  which  the  jet  would  rise  if  there  were 
no  atmospheric  resistances.  In  these  formulas  D/d  is  an  ab- 
stract number,  and  to  lind  iU  value  />  and  d  may  be  taken  in  any 
unit  of  mca.<iurc. 

When  A|  ami  i>  are  in  feet.  /•  is  to  be  taken  as  32.16  feet  per 
second  per  second.  Then  (83)i  gives  V  in  feel  per  second  and 
(^)i  gives  q  in  cubic  feet  [wr  second.  WTien  the  gage  at  the  nozzle 
entrance  gives  the  pressure  p^  in  pounds  per  square  inch.  A|  in 
feet  is  found  from  2.304^1.  Il  b  a  common  practice  in  figuring 
on  Ore-streams  to  compute  the  discharge  in  gallons  per  minute. 
For  this  case,  if  Z)  is  taken  in  inches, 


9-J9.83£)» 


&_ 


f(iA)*-(/>/d)' 
gives  the  discharge  in  gallons  per  minute. 

For  smooth  naz7.1cs  the  value  of  the  coefficient  of  wlodty 
c,  is  the  same  as  that  of  the  cocffitient  of  dischai:gc  c,  since  the  jet 
issues  without  contraction.  The  cuperiments  of  Freeman  fur- 
nish the  following  mean  \'alucs  of  the  coefficient  of  discharge  for 
smooth  cone  no7.zles  of  dilTerent  diameters  under  pressure-heads 
ranging  from  45  to  lito  feet: 

Diameter  tn  inches  =     }  |  i  t|  >i  if 

Coefficicntf  =  O-Q83     0.9S3     0-Q73      OL976     0.971     ^959 

TTicsc  values  were  determined   by  measuring   the  pressure  ^1 
and  the  di&chargc  q,  from  which  c  can  be  computed  by  tlie  last 


» 
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formula.  For  example,  a  nozzle  having  a  diameter  ol  "y^jooi 
inches  at  Ihe  end  and  2.50  inches  at  tJie  base  dischatgeU  joK.5 
gallons  per  minute  under  a  pressure  of  50  pounds  |}cr  square 
inch  at  the  entrance.  Here  D  =  i.ooi,  d  =  4.5,  pi  =  50,  and 
g  =  208.5,  and  inserting  these  in  llie  formuta  and  solving  (or 
c,  there  is  found  c  =  0.985. 

In  ring  nozzles  llie  ring  which  contract  the  entrance  is  usually 
only  A  or  J  inch  in  width.  'Hie  effect  of  this  is  to  diminish  the 
discharge,  but  the  stream  is  sometimes  thrown  to  a  slightly  greater 
licight.  On  the  whole,  ring  nozzles  seem  to  have  no  advantage 
0%'cr  smooth  ones  for  fire  purposes.  As  the  stream  oontracts 
after  leaving  the  nozzle,  the  coellicient  of  velocity  c,  is  greater 
than  the  coefficient  of  disch;i.rge  c.  The  value  of  c  being  about 
0-74.  that  of  c,  is  probably  a  little  larger  than  0.97,  In  using 
(S3)  I  for  ring  nozzles  these  values  of  c.  and  c  should  be  inserted, 
but  in  using  (83)  1  only  the  value  of  c  is  needed. 

According  to  Freeman's  experiments,  the  discharge  of  a 
5-inch  ring  nozzle  is  the  same  as  that  of  a  f-inch  smooth  nuzzle, 
while  the  discharge  of  a  ij-inch  ring  nozzle  is  about  20  percent 
greater  than  that  of  a  i-inch  smooth  nuxzle.  The  heights  of 
vertical  jets  from  a  ij-inch  ring  nozzle  are  about  the  same  as  those 
from  a  i-inch  smooth  nozde.  while  the  jets  from  a  ij-inchj 
ring  no7^lc  arc  slightly  less  in  height  than  those  from  a  t^-m 
smooth  nozzle. 

The  vertical  height  of  a  jet  from  a  nozzle  is  very  much  Icss^. 
on  account  of  the  resistance  of  the  air,  than  the  value  deduced] 
above  for  V-/2g.  Var  instance.  let  a  smooth  nozzle  i  inch  in) 
diameter  attached  to  a  2,5-inch  hose  have  c  =  0,97  and  the  prcs-j 
sure-head  hi  =  230  feet ;  then  the  computation  gives  the  vcloLily- 
head  V^/2g  as  23 1  feet,  whereas  the  average  of  the  highest  drops 
in  still  air  will  be  about  152  feet  high  and  the  main  body  of  water 
will  be  several  feet  lower.  Table  HS,  compiled  from  the  results 
of  Freeman's  experiments,  shows  for  three  diderent  smooths 
nozzlrt  the  height  of  vertical  jets,  column  A  giving  the  heights 
reached  by  the  average  of  the  highest  drops  in  still  air,  and  column 
B  the  maximum  limits  of  height  as  a  good  effective  fire-stream] 
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with  moclcrstc  wind.     The  discharges  given  depend  only  on  the 
pressure,  and  are  !he  same  for  horizontal  as  for  vertical  jets. 

The  maximum  horu^ontal  distance  to  which  a  jcl  can  be  thrown 
is  also  a  measure  of  the  efficiency  of  a  nozzle.  'Hie  following, 
lakeJi  from  Freeman's  tables,  fjives  the  horizontal  distances  at 
Ihc  level  of  the  nozzle  rcache^l  by  the  average  of  the  extreme 
drops  in  stili  air.  Tlie  practical  horizontal  distance  for  an  effective 
fire-stream  is.  however,  only  about  one-half  of  these  figures. 

Vtautit  >t  Dostle  cnirancc,  ao 

PiMn  l-indi  imootb  nootle.  71 

From  I'inibMiMolh  notcle,  77 
From  t)  inch  imooih  nonk.  S3 

Front  il-in'h  ring  iiiujilc.  76 

From  il-iiKh  rinii  doezIc,  78 

From  i|-iaifa  ring  luuxlc,  79 

The  ball  nozzle,  often  used  for  sprinkling,  has  a  cup  at  the  end  of 
the  nozzle  and  within  the  cup  a  bait,  »o  that  the  jet  is.-tuing  from  the 
tipof  ihrno^^idrisddUTtedsidfmsfinall  directions.  This  apparatus 
exhibits  a  striking  illustration  of  the  principle  of  negative  pressure, 
for  the  ball  is  not  driven  awuy  from  the  tip,  but  Is  hehJ  close  to  it  by 
the  atmospheric  pressun-,  the  negative  prcssurc-hcad  being  caused  by 
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|hi);li  vt'Iocily  of  the  sheet  of  water  around  the  ball.  The  cup  is 
illy  so  arraiiRi'il  that  the  ball  cannot  be  driven  out  of  it,  for  this 
occur  iiiidiT  the-  first  impact  of  the  jet,  but  when  the  flow  has 
bmc  steady,  there  is  no  tendency  of  this  kind,  and  the  ball  is  seen 
■ly  revolving  ujMjn  the  cushion  of  water  without  touching  any  part 

Ihe  cup. 

Il'rulj.  .^'i.  .'\  nozzle  i^  inches  in  diameter  attached  to  a  play-pipe  ij 
fs  ill  diiimeier  discharges  jio.6  gallons  per  minute  under  an  indicated 
>uri.'  of  30  pounds  per  square  inch.  Find  the  velocity  o(  the  jet  oDd  the 
licient  e\. 

Art.  84.    Lost  Head  in  Long  Tubes 

NVlien   water   issues   from   an   orifice,   lube,   pipe,   or  nozzle 
|i  the  velocity  v.  its  velocity-head  is  v^/2g,  and  it  is  only  this 
of  the  lotal  efTerlive  head  h  that  can  be  utilized  for  the  pro- 
llion  of  work.     The  lost  head  then  is 

if  cwis  the  coefhcicnt  of  velocity  for  the  section  where  the 
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Accordingly  the  lo^  of  head  (or  thu  inward  projecting  tube  is 
nearly  equal  lo  the  velocity- head  of  the  issuing  stream,  while 
ihal  from  the  standard  tubi-  is  about  one-half  the  vckicity-ht'ad. 

When  a  tube  is  lunger  than  three  diameters,  it  becorm-s  a  long 
lube  or  a  pipe.  Here  the  loss  of  head  is  much  greater  because 
ttie  water  meets  with  frictional  resistances  along  t)ie  iiileriur  sur- 
face, and  the  longer  the  pipe,  the  greater  is  this  resistance  and  the 
slower  b  the  velocity,  'Hie  formula  (84)i  gives  the  total  loss  uf 
head  for  this  case  also.  For  example,  the  experiments  of  Eytcl- 
wcin  and  others  have  given  values  of  c  for  the  cases  below,  and 
from  these  the  corresponding  values  of  the  total  lost  head  have 
been  computed.  Let  /denote  the  length  of  the  pipe  and  d  its 
diameter,  the  end  connected  with  the  reservoir  being  arranged 
like  the  standard  tul}e;  then 

for  /  =  i2d  e,  =0.77  h'  =o,6i)v'/3g 
for  /  =  ^td  c,  =  0.67  A'  =  1.23  p'/zf 
ioxt  =  (iod        c=o.6o        A'=  i,77ii*/j^ 

Now  in  each  of  these  cases  the  amount  0.49  v'/ig  is  lost  in  enter- 
ing the  tube  and  in  impact,  as  in  the  standard  short  tube.  Hence 
the  loss  of  bead  in  friction  in  the  remaining  length  of  the  pipe 


k 


for  /  =  1 3d 
for  /  =  $6d 
(or/  =  6orf 


A"=o.20pV2j; 
A"  =  o.74pV2« 

b"=t.2Sv'/3g 


which  shows  that  the  frictional  losses  increase  with  the  length 
of  the  pipe.  The  length  of  the  pipe  in  which  the  entrance  losses 
occur  is  about  yl;  hence  if  id  be  subtracted  from  each  of  the  above 
lengths,  the  lengths  in  which  the  friction  loss  occurs  are  (yt,  33^, 
and  $jd.  and  it  is  seen  (hat  the  above  Ios.ses  of  head  in  friction 
are  closely  proportional  to  these  lengths.  By  these  and  many 
other  experiments  it  has  been  shown  that  the  loss  of  head  in 
friction  varies  directly  with  the  length  of  the  pij«. 

The  lost  head  has  here  been  expressed  in  terms  of  the  velocity- 
bead,  but  it  can  also  be  c^ipressed  in  terms  of  the  total  head  h 
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thai  causes  the  flow.  For.  substituting  in  (S4)i  the  value  of  t 
^ven  by  c.Vigh,  it  reduces  to 

k'=U~  c,')h  (84), 

Thus,  for  the  standard  short  lube  A'  =  0.33  A ;  for  the  inward 
projecting  tube  A'  =  0.4S  A,  and  for  the  above  tube  or  pipe  whose 
length  is  60  diameters  A*  =  0.64  A. 

Prob  SI.  Find  tlw  ratio  of  llit  kinetic  energy  in  the  jet  from  a  sLintUrd  I 
oritice  lo  thai  in  ihc  jet  from  a  sliuidnid  lube,  the  diameters  of  oriQcc  aadj 
lube  hting  ihc  umc. 

Art.  85.    Inclined  Tubes  and  Pipes 

The  tubes  discussed  in  this  chapter  have  generally  been  re- 
garded as  horizontal,  but,  if  this  is  not  the  case,  the  formulas  for 
velocity  and  discharge  may  be  applied  to  them  by  measuring  the 
head  from  the  water  level  in  the  reservoir  down  to  the  center  of 
the  head  of  the  pipe.  Thus,  for  the  nozzles  of  ,\rt,  83,  it  is  under- 
stocKl  that  the  lip  is  at  ihe  same  level  as  the  gage  which  registers 
the  pressure  pi  or  the  pixssure-head  Aj ;  if  the  lip  be  lower  than 
the  gage  by  the  vertical  distance  dj,  the  true  pressure-head  to  be 
used  in  the  formula  is  hi  +di;  if  it  be  higher,  the  true  pressure-  M 
head  is  hi  ~  <i\.  Then  the  velocity-head  ir',.  2ff  is  lo  be  measured  ^ 
upward  from  the  tip  of  the  nozzle. 

The  theorem  of  Bernouilli,  given  in  ^Vrt.  31.  is  true  for  inclined  I 
as  well  as  for  horizontal  pipes  under  uniform  (low.  but  il  will  be 

convenient  to  express  it  - 
in  a  slightly  dilTerent  % 
form.  Let  0)  and  ot  be 
two  sections  of  a  pipe 
where  the  velocities  arc 
Vi  and  Vi,  and  the  pres- 
sure-heads arc  Ai  and  Aj, 
and  let  the  flow  be  steady 
so  that  the  same  weight 
of  water,  W,  passes  each  section  in  one  second.  Let  MN  be 
any  horizontal  plane  lower  than  the  lowest  section,  as  for  in- 
stance the  sea  level,  and  let  ci  and  tt  be  the  ehn'ations  of  oi 


J_ 


w 
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and  a,  above  il.  With  respect  to  this  plane  the  weight  \V  at  aj 
has  the  potential  energy  IIVi,  the  pressure-encrg>'  HVii,  and  the 
kinetic  cn«i^  W  ■  vi'/2g,  or  the  total  cncrgj'  is 

Similarly  with  respect  to  this  pLine  the  energy  of  JF  in  ot  is 

If  no  losses  of  energ)-  occur  between  the  two  sections,  these 
expressions  are  equal,  and  hence 

«i  +  A,  +  ^  =  c,  +  A,  +  ^  (85)i 

and  hence  the  theorem  of  Bcrnouilli  may  be  stated  as  follows: 

In  any  pipe,  under  stoidy  flow  without  impact  or  friction,  the 
gravity-head  plus  the  prt^ure  head  plus  ihc  \-elocily-h«ai]  U  a  con- 
stant quantity  for  every  Mction, 

Now  let  Ot  and  //•  be  the  heiglits  of  the  water  lc\'cb  in  the  piezom- 
eter tubes  abo%-e  the  datum  plane ;  then  <i  +  Ai  =  ff i  and  Ct  +  hi 
Hi,  and  accordingly  (85)i  becomes 


//.+i:!!=tf.+?^' 


(85). 

or,  the  piezometer  cIe\'ation  for  at  plus  the  vclodty-hcad  is  equal 
to  the  sum  oi  the  corresponding  t}u:inlities  for  any  other  section. 

This  theorem  belongs  to  theoretical  hydraulics,  in  which 
frictional  resistances  are  not  consi<lcrcd.  Under  actual  conditions 
there  is  itlways  a  loss  of  energ)-  or  head,  so  that  when  water  flnws 
from  di  to  at.  the  first  member  of  the  abo\'c  equation  is  larger  than 
the  second.  Let  Wh'  be  the  loss  in  energ>',  then  this  is  equal  to 
the  difference  of  the  energies  in  di  and  Oa  with  respect  to  the 
datum  plane,  and 

2«       2g 


(»: 


A'=Z/,-ff,  +  '^- 


i^' 


»«      H 


(86), 


204 


Cliap.  7.     Flow  of  WakT  Ihrou^i  Tubes 


tliat  i&,  the  lost  head  is  equal  to  tlie  diUerencc  in  level  of  the  wiiter 
surfaces  in  the  piezometer  tubes  plus  the  differences  of  the  veloc- 
ity-heads. WJieii  the  pipe  is  uf  the  same  size  at  the  two  sections, 
the  velodlics  Ci  and  Vj  :irc  equal  when  the  flow  is  uniform,  and 
the  lost  head  is  simply 

A'  =  fl,-ff,  (85). 

PicEomelers  or  pressure  gages  hence  furnish  a  ^-ery  convenient 
method  of  determining  the  head  lost  in  friction  in  a  pipe  of  uni- 
form size.  For  a  pipe  of  varying  section  the  velocities  fi  and  »i 
must  also  be  known,  in  order  to  use  (85)j  for  finding  the  lost  head. 

Prob.  85.  AlargeVentiiri  water  mclcr  placed  in  8  pipe o(s7.8ij  square 
feet  cross-section  h.^il  an  arm  of  7.047  luiuurc  Im-I  at  the  throat.  When 
the  di&chargf  was  54.0)  cubic  feet  per  second,  the  elevations  of  the  water 
levels  in  the  pieitomelcrs  at  iii  ami  >i3  in  l-'i);,  St^  were  99.358  aod  98.951 
feet.     Compute  the  loss  of  head  between  the  two  sections. 

Art.  86.    Velocities  in  a  Ckoss-sectioh 

Thus  far  the  velocity  has  been  regarded  as  uniform  over  the 
cross-section  of  the  tube  or  pipe.  On  account  of  the  roughness 
of  the  surface.  howc\'cr.  the  velocity  along  the  surface  is  always 
smaller  than  that  near  the  middle  of  the  cross-section.  There 
appears  to  be  no  theoretical  mcthcxJ  of  finding  the  law  which 
connects  the  velocity  of  a  filament  with  its  distance  from  the 
center  of  the  pipe,  and  yet  it  is  probable  that  such  a  law  exists. 
The  mean  velocity  is  evidently  greater  than  the  velocity  at  the 
surface  and  less  than  the  velocity  at  the  middle,  and  if  the  position 
of  a  filament  were  known  whose  velocity  is  the  same  as  the  mean 
J  II  velocity,  a  l*itot  tube  (Art.  41)  with  its  t^ 

at  that  portion  would  directly  measure 

the  mean  velocity. 

Let  Fig.  S6a  be  a  longitudinal  section 
of  a  pipe,  and  let  ^  fl  be  laid  off  to  repre- 
sent the  surface  velocity  v,  and  CD  to  represent  the  central  ve- 
locity IV.  Then  the  velocity  P  at  any  distance  y  from  the  axis 
will  be  an  abscis.sa  parallel  to  the  axis  and  limited  by  the  line  AC 
and  the  cur^'e  BD.    Suppose  this  curve  to  be  a  parabola  whose 
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equation  is  y*  =  mx,  the  ori^  being  at  D  and  *  measured 
toward  the  left.  When  y  is  eqwal  to  the  radius  of  the  pipe  r.  the 
value  of  X  \$  V,  ~  v,  and  hence  m  =  r'/ive  —  p.).  The  velocity 
V,  at  the  distance  y  above  the  axis  is  r,  —  x,  and  accordingly 

^  =  i'.-{i'.-»,)yVH  (86), 

It  thus  is  seen  that  the  velocity  at  any  distance  irom  the  axis 
cannot  be  fnunri  unless  the  surface  and  central  velocities  are 
known.  Tlic  position  of  the  filament  ha\nn({  the  same  velocity 
as  the  mean  velocity  v  can,  however,  be  determined,  since  the 
mean  \-eIocily  is  the  mean  length  of  the  solid  of  revolution  whose 
section  is  shown  by  the  broken  lines,  '['his  solid  consisLs  of  a 
cylinder  having  the  volume  vrh,  and  a  paraboloid  ha\'inE  the 
volume  JwT^dv—  p.),  and  the  sum  of  these  is  iflrH((»,  +  v,).  Divid- 
ing this  by  the  area  of  the  cross-section  gives  J{p,  +  r.)  as  the 
value  of  the  mean  velocity,  and  inserting  this  for  v,  in  the  above 
equation  there  is  found  y  =  o.jir  for  the  ordinate  of  a  filament 
whose  velixity  is  the  same  as  mean  velocity  v.  If  the  parabolic 
curve  gives  the  true  law  of  \-3rlation  of  vclodty,  a  Pilot  tube 
with  its  tip  placed  o.39r  below  the  top  of  the  pipe  would  measure 
the  mean  vclodty  directly. 

The  first  measurements  of  velodtiesof  filaments  were  made  by 
Freeman  in  i888  with  the  l*itot  tube.*  'ITiey  were  on  jets  is'^uing 
from  fire  nozzles  and  also  from  a  ij-inch  tube  under  high  velodties. 
For  smooth  nozzles  the  velocities  were  practically  constant  for 
a  distance  of  o.dr  from  the  center,  and  then  rapidly  decreased, 
and  the  ratio  of  the  surface  velocity  to  the  central  vclodty  was 
about  0.77.  For  the  pipe  the  velodties  decreased  quickly  near 
the  center,  but  more  rapidly  toward  the  surface.  The  velocity 
cuH'c  for  the  nozzle  lies  outside  and  that  for  the  pipe  lies  within 
the  lurubutic  curve  representetl  .by  the  equation  (86)|. 

Ba^n  made  experiments  in  1893  on  jets  from  standard  ori- 
fices, using ai8^>  the  Pilot  tube.t  He  found  the  velodties  near  the 
center  to  be  smaller  than  others  within  o.ir  of  the  surface.    Thus 


*  1>]iiuii(iion«  .Amninn  Sodcty  of  Qvil  KnslnMrs.  1S89.  vol.  >i,  p.  41a. 

t  F^pcrimcaX*   on   the  Contnclion  of   the  Liquid  Vdn.     Tnulwiae's 

tnuoUlioD.  New  York,  1846. 


206 


Chap.  7.     Flow  of  Water  Uirough  Tubes 


if  Vf  =c,'V2pi,  the  followinji  arc  some  of  his  values  of  c,  for  a  ver- 
tical circular  and  a  vertical  square  orifice,  h  being  alwajrs  the  head 
on  tlic  center. 

r  =  +  0.8     +0.6      +0.J       0.0      —  0.2      —  0.6      —  0.8 
(,  =     0.68       0.64       0.63     0.63       0.64        0.72       0.S6 
c,=     0.71        0.67       0.64     0.64       0.65        o.?i       0^3 

ThfSi-  arc  for  vclocilics  in  Uie  plane  of  tlic  orifice,  and  he  found 
similar  variations  for  a  section  of  the  jet  at  a  distance  from  the 
orifice  of  about  one-half  its  diameter. 

Jadd  and  King,*  in  their  experiments  on  orifices  (Art.  45), 
traversed  the  jets  wilh  a  Pitot  tube  and  found  that  at  the  con- 
tracted section  the  velocity  in  all  parts  of  the  jet  was  uniform. 

Cole,  in  1897.  made  measurements  of  velocities  in  pipes,t 
using  the  Pitot  tube  with  a  differential  gage  {Art.  37),  For 
pipes  4, 6,  and  1 2  inches  in  diameter  he  found  the  ratio  of  the  mean 
velocity  to  the  center  velocity  to  range  from  0.91  to  !.oi,  while 
for  a  16-inch  pipe  he  found  it  to  range  from  0.83  to  0.86.  His 
velocity  curves  show  that  the  surface  velocity  was  60  percent  or 
more  of  the  center  velocity. 

Williams,  Hubbell,  and  Fcnkell,  in  iSqq,  made  numerous 
measuremcnls  of  velocities  in  water  mains  with  the  Pitot  tube, 
and  arrived  at  the  conclusions  that  the  ratio  of  the  mean  velocity 
to  the  central  velocity  was  about  o. 84,  and  thai  the  surface  velocity 
was  about  one-half  the  central  velocity.!  These  ratios  agree  with 
an  ellipse  better  than  with  a  parabola.  Let  the  curve  BD  in  Fig. 
S611  be  .^n  ellipse  haxnng  the  scmi-.ixcs  ED  and  BE.  the  ellipse 
being  tangent  to  the  pipe  surface  at  B.  As  before,  let  AB  repre- 
sent the  surface  velocity  v,  and  CD  the  central  velocity  *, ;  then 
ED  is  Vr  —  V,  and  BE  is  the  radius  r.  The  equation  of  the  elh'pse 
with  respect  to  £  as  an  origin  is 

•  Bni^BKrinK  News.  Stpl.  i;,  1006, 

t  Ttanwcttons  American  Society  nl  Civil  KnicEnocrs  igo»,  vot.  47,  p.  ajft. 

t  TranKii'iiunti  Amirrican  Society  oJ  Civil  Engincen,  1901.  vol.  47,  p.  63. 
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in  which  i  is  meifiurttl  toward  the  right  and  y  upward.  The 
velocity  p,  at  any  distance  y  from  the  axis  CD  is  »,  + »,  and 
acoTdingly  t,  =  v.  +  {v,-v.)W^7?  (86), 

Now  the  mean  velocity  is  the  mean  length  of  the  solid  of  n.*volu- 
tion  formed  by  the  cylinder  whose  volume  ia  in^',  and  ihc  semi- 
elhpsoid  whose  volume  ts  j7rH(p,  —  v,).  The  volume  of  the  solid 
is  hence  flT'(jii,  +  Ji',)  and  the  mean  velocity  b  ijic  + Jz^..  Insert- 
ing this  for  f,  in  (86)j.  there  is  found  y  =  o.T$r  for  the  position  of 
the  filament  having  the  same  velocity  a&  the  mean  velocity,  while 
the  parabola  gave  y  =  o.jir.  If  p,  is  one-half  of  p,,  the  mean 
veioriiy  under  the  elliptic  law  is  jf,  +  \v,  ~  o-Sjc,,  while  under 
the  parabolic  law  it  is  Jii,  -f-  Jr.  =  0-751'.. 

Much  irregularity  is  observed  in  velocity  curves  plotted  from 
actual  measurements,  this  being  due  to  pulsations  in  the  water 
and  to  errors  of  observations.  Tlie  above  exiierimenl*  were 
on  pipes  ha\'ing  diameters  of  12,  16,  30.  and  42  inches  and  under 
velocities  ranging  from  0.5  to  7.5  feet  per  second;  and  they  are 
a  very  valuable  addition  to  the  knowledge  of  this  subject  The 
conclusion  that  v,  is  one-half  of  r,  is.  however,  one  that  appears  to 
be  liable  to  some  doubt.  The  conclusion  that  the  mean  velocity 
9  is  about  o.&4^,  appears  well  established,  and  a  Pitot  tube  with 
its  tip  at  the  center  of  the  pipe  will  hence  determine  a  fair  value 
of  tlie  mean  velocity,  several  readings  being  taken  in  order  lo , 
eliminate  errors  of  observation. 


a      !       B      D      10     II     u 
Vclurily  III  Pi«l  per  Gccuuil 

I'is.  JSII6. 
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In  the  case  of  fountain  flow  {Art.  87),  Lawrence  and  Braun- 
worth  *  found  that  ihe  velocities  in  the  emss-section  depend  on 
whether  or  not  the  flow  out  of  the  top  of  the  pipe  occurs  as  in  a 

*  TtutucUoB)  Amcridw  Socbly  of  Civil  Engineers,  i-ol.  si- 
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jet  or  as  over  a  weir.    Thus,  m  Fig.  R6ft  the  velocity  cun-cs  for  , 
vertical  6-imh  cast-iron  pipe  arc  shown  for  velocities  ranging  froml 
2  to  17  feci  per  second,     lliose  velocities  were  obtained  from  the  j 
expression  V  =  Vigh,  where  A  was  measured  by  a  Pilot  tube. 

Prob.  8G,     Lcl  V,  =  i  and  n,  =  6  feet  per  Moond.     Plot  the  paraboU 
from  foraiuLi  (Ml)i  and  ihc  ellipse  fram  formub  (86]|. 

Aht.  87.    Fountain  Flow 

When  a  stream  of  water  rises  and  flows  out  of  the  top  of 
vertical  pipe  of  diameter  D,  the  flow,  if  the  head  H  to  which  it  rises 
above  the  lop  of  the  pipe  is  small,  is  practically  the  same  as  that  I 
over  a  thin-edged  circular  weir.     As  //  increases  there  cumes  aJ 
transition  period  during  which  the  character  of  the  flow  resembles 
neither  that  over  a  circular  weir  nor  that  of  a  jet.    Lawrence  aod^ 
Braunworlh  *  experimented  on  the  fountain  flow  of  water  from  | 
pipes  3,  4,  6,  9,  and  t3  inches  in  diameter.    They  measured  the  ' 
hcad.<i  //  both  by  means  of  a  Pitot  tube  and  by  ^gluing  on  two 
rods  and  across  the  top  of  the  pipe.     The  water  discharged  during 
the  experiments  was  measured  yolumetricaJly.     From   the  dis- 
cussion of  these  exi)erimenls  the  following  formulas  wem  deduced: 

J  =8.So  £»'==*//'»     and     ?  =  5.57  O'^//"" 

the  first  being  for  weir  and  the  second  for  jet  flow.  Here  D  and  // 
are  in  feel  and  ^  in  cubic  feel  per  second.  II  being  measure*!  by 
means  of  sighting  across  the  top  of  tlie  flow  as  above  described. 

For  cases  in  which  the  bead  11  is  measured  with  a  Pitot  tube  i 
the  formulas  deduced  were  1 

y  =  8.80 />'»//'»     and    ?  =  5.84  ZJ^wiff^  H 

iTic  first  of  these,  as  before,  being  appUcable  to  weir  and  the  se^ 
ond  to  jet  flow. 

In  general  the  average  results  given  by  these  formulas  arc 
correct  witliin  3  percent  for  the  jet  condition,  while  for  the  condi- 
tion of  the  weir  flow  using  the  Pitot  tube  for  the  measurement 
of  the  head  the  average  accuracy  is  within  4  percent    Single 

*  TniMocUjn^  .\aierfcui  Society  of  Civil  Knginccra,  vol.  17,  p.  309.  , 
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measurements  cannot  be  depended  upon  closer  than  to  within 
about  twice  the  above  limits  of  accuracy. 

In  the  following  (able  arc  shown  the  computed  discharges  in 
cubic  feet  per  second  for  %'arious  sizes  of  pipes  under  various 
heads,  Ihc  heads  being  observed  by  means  of  a  Pilot  tube. 

Table  87.    DiscHAXcrs  in  Cubic  Feet  pe«  Second  fob 
.     Fountain  Flow  raou  VtntTicAL  Pipes 


ami 

b 

Diuocln  at  Pipe  in  tndn 

t 

t 

4 

« 

8 

I) 

IB 

u 

OiA3 

0.014 

0.OJ3 

0.031 

ooss 

0.091 

0.134 

O,o6 

0.014 

0-oiS 
<xoM 

0-eSS 
O-OD,) 

o.oSo 
0.1, )d 

0  '33 

O.JJ7 

0.113 

OlsSo 

0.314 

0-S49 

0,0  J  J 

ooS 

OAtO 

0.0  J 1 

0.085 

0.136 

0-197 

0-330 

o-sso 

O.80J 

O.IO 

0014 

O,oj9 

o*SJ 

0114 

a.iSo 

0  tCl3 

o-Mi 

0439 
0,741 

i.iS 

1.08 

ai84 

0.307 

Olio 

o.OlO 

e.065 

o.»43 

0.438 

061s 

1.08 

1,87 

1.66 

9-40 

o.:s 

t.oo 
I.SO 

0.016 

a.o3& 
0.047 

a.081 

0.096 
O.IOS 

0.ISS 

A 191 

0.3*5 
0.38s 

0.661 
0.831 
0.075 

t-03 
1.36 
1.6s 
3.18 

i.8i 

3-11 
4-J9 

4-4S 

6S° 
S.61 
14.80 

10,10 
18.06 

1,66 
33S 
*•« 
.t  73 

o^3S 
0^539 
0.617 
0.778 

1-77 

9.50 
11.17 
16.1s 

»S7 
3.18 

7.11 

1,99 

3-0O 

o-OSS 
0.068 

■MM 

0.178 

0.906 
1.16 

1.06 
».S6 

J7« 
4.60 

8.41 
1041 

19 'S 

33  75 

1380 

4.00 

0.079 

OJ14 

>-3* 

9.9« 

Si6 

IJ.15 

17.70 

49.60 

s^ 

OtOSQ 

0.36s 

1-47 

3-36 

6.0J 

■3-6; 

31.30 

SS«o 

6.eo 

0.098 

0.401 

■  .61 

3-70 

6.64 

tS-os 

3i-40 

61.40 

T« 

OlIo; 

0-43I 

1.76 

4.0* 

J.JO 

■6.34 

37-J* 

66.70 

iMO 

<MIS 

OL467 

1.89 

4-31 

7-73 

»7-SS 

41O.OS 

71.60 

9.00 

OlIii 

0.458 

l.OI 

4-S9 

8.1, 

t&.C>6 

41-65 

761.  lO 

lOAO 

OlIIQ 

O.S17 

J.ts 

4-86 

8.70 

19.TO 

4S.10 

»o.ss 

In  (he  ttimve  (able  the  ronHition  of  weir  flow  obLaiiw  for  all  fiRurcs 
above  the  upper  horizontal  lines,  the  condition  intcnncdiate  beiwecri 
weir  and  jet  flow  Iu>I<!k  for  all  figures  between  the  two  sets  of  horizon- 
tal lines,  while  that  of  jet  flow  obtains  for  all  figure*  below  the  second  set 
of  horizontal  lines. 

At  the  point  where  the  condition  of  weir  flow  ehatiges  to  that  of 
Jet  flow  both  of  the  above  equations  should  theoretically  hold  true. 
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By  equating  the  second  memliers  of  these  erjuaiions  the  critical 
at  which  ihc  nature  of  the  flow  changes  is  found  to  be  about  0.6  D  fo 
^  values  of  //  between  o.i  anil  ,vo  feel.     Practically,  however,  the] 
exact  point  at  which  the  change  occur*  cannot  be  exactly  determined. 

Prob.  W.  <.'()m|>uti-  iht-  llow  (riitn  a  vcrliea)  p!|x.'  14  iiitliei  m  diiuncter  1 
when  the  bead  above  the  top  of  the  pipe,  »»  measured  by  a  I'itot  tube,  if| 
0.04  feet.     Also  compute  the  <ltadutrge  when  the  head  is  7.(1  feet. 

Art.  88.   Computations  in  Metric  Measures 

Nearly  all  the  formulas  of  this  chapter  are  rational  and  may  be 
used  in  all  system.i  of  mca-iurcs.  in  the  metric  system  lengths  arc  to 
be  taken  in  meters,  areas  in  square  meters,  velocities  in  meters  per 
second.  <iischarKes  in  cubic  meters  |>cr  second,  and  using  for  the  acccl- 
cratioQ  constants  the  value*  given  in  Table  9<r. 

{Art.  83)  The  coeflidents  of  discharge  and  velocity  for  Hniooth 
fire  nozzles  2.0.  a.5,  3.0.  and  3.5  centimeters  in  diiimeier  arc  0.983, 
0.1J73,  0.073,  and  o.QSO,  respectively.  In  using  the  formula  (83), 
the  value.s  of  d  and  /i,  should  lie  taken  in  Dieler»,  but  in  finding  the 
ratio  D;d  the  \'aliies  of  D  and  d  may  be  in  centimctcra  or  any  oUier 
convenient  unit.  The  constant  g  being  <>.8o  meters  ]>er  second,  the 
di.'icharge  q  will  be  in  cubic  meters  per  second.  When  it  is  desired  to 
use  the  gage  reading  pi  in  kilograms  per  square  centimeter  and  to 
take  D  in  centimeters,  the  [ornnula 


I 


?  =  ^s.96^-Wr=^ 


may  Ije  used  for  finding  the  discharge  in  liters  per  minute. 

Prob.  880.  Computi"  the  los%  of  hcail  which  00-urs  when  a  pipe,  dis- 
charging lit,;  cubic  meter;  per  second,  suddenly  enlitcgcs  in  d'amcter  from 
(.25  to  1.50  meters.  M 

Prob.  SSfc.  Find  the  coefiieient  of  discharge  for  a  tube  8  ocntimetcn 
in  diameter  when  ific  flow  under  a  head  of  4  meters  is  18.3;  cubic  meiefs  in 
5  rainutr.s  and  15  seei>iub.  M 

Prob.  88c.    Compulethedischargefroma  smooth  nozzle  3.5  centimeters  ■ 
in  diameter,  attached  to  a  hose  7.;  centimelers  iu  diameter,  when  the  pres- 
sure at  the  entrance  is  5.1  kilograms  per  square  ccntioietcr. 


Fuiviftiiiciital  IdciL".     Art.  89 
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CHAPTER  8 


FLOW  OF  WATER  THROUGH   PIPES 


Art. 


FUNDAMENTAt  IdEAS 


P^jes  made  o(  clay  were  us«i  in  very  early  times  for  convey- 
ing water,  Pliny  says  that  they  were  two  digits  {o.7_^  indies)  in 
thickni-ss,  thai  the  joints  were  iHlcd  with  lime  macerated  in  oil, 
and  tliat  a  slope  of  at  least  one-fourth  of  an  inch  in  a  hundred 
feci  was  necessar>'  in  order  to  insure  the  free  flow  of  water,*  The 
Romans  also  used  lead  pipes  for  ron\'eying  water  from  their  aque- 
ducts to  small  reser\'oirs  and  from  the  latter  to  their  bouses. 
Fronlinus  give*  a  list  of  twenty-five  standard  sizes  of  pipes,t 
x-arying  in  diameter  from  o.g  to  q  inches,  which  were  made  by 
curving  a  sheet  of  lead  about  ten  feel  long  and  soldenng  the 
longitudinal  joint.  The  Romans  had  confused  ideas  of  the  laws 
of  flow  in  ]>i|K»,  their  method  of  water  measurement  being  by 
the  area  of  cross-seclion,  with  little  attention  to  the  head  or  pres- 
sure. They  know  that  the  areas  of  cirtk'S  varied  as  the  squares 
of  the  diameters,  and  their  unit  of  water  measurement  was  the 
quinaria,  this  being  a  pipe  i{  digits  in  diameter ;  then  the  denaria 
pipe,  which  had  a  diameter  of  2  J  digits,  was  supjioscd  to  deliver 
4  quinurias  of  water. 

In  modem  times  lead  pipes  have  al.so  been  used  for  house 
sen'ice,  but  these  are  now  largely  superseded  by  either  iron  pipes 
or  iron  pipes  lined  with  lead  or  tin.  For  the  mains  of  city  water 
supplies  cast-iron  pipes  are  most  common,  and  since  i8go  steeb 
riveted  pipes  hnvt  come  into  use  for  large  si^es.  Lap-welded 
wroughl-iron  or  steel  pipes  are  used  in  some  cases  where  the  pres- 
sure is  verj-  high,  and  large  wooden  slave  pipes  are  in  use  in  the 
western  part  of  the  Um'ted  States. 

*  NUunlUt<i<ir}-,t>oolc]t,ch:H>ter 31. lines. 

f  Hosdiel,  Water  Supply  o(  (he  Citj-of  Rome  (Roitan,  1899),  p.  j6. 


212 
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The  simplest  case  of  tho  flow  of  water  through  a  pipe  is  that 
where  the  (iiamelcr  of  the  pipe  is  constiuit  and  the  discharge  occurs 
entirely  at  the  open  entl.  This  cast  will  be  discussed  in  Arts, 
90-99,  and  afterwar<ls  will  be  considered  the  cases  of  pipes  of 
varying  diameter,  a  pijK-  with  a  nozzle  at  tht;  end,  and  pipes  with 
branches.  Most  of  the  principles  governing  the  simple  case  j 
apply  with  slight  modification  to  the  more  complex  ones.  Pipes  f 
used  in  engineering  practice  range  in  diameter  from  §  inch  up  to 
lo  feet  or  more. 

The  phenomena  of  flow  for  thi»  common  case  are  apparently 
simple.  The  water  from  the  reservoir,  as  it  enters  the  pipe,  meets 
with  more  or  less  resistance,  depending  ujwn  the  manner  of  con- 
necting, as  in  tubes  (Art.  SO).     Resistances  of  friction  and  cohc- 


I 


Fig.  89a. 


E1«.S<». 


sion  must  then  be  overcome  along  the  interior  surface,  so  that  the 
discharge  at  the  end  is  much  smaller  than  in  the  lube  {Art.  S4). 
When  the  flow  becomes  steady,  the  pipe  is  entirely  filled  through- 
out its  length ;  and  lience  the  mean  velocity  at  any  section  is  the 
same  as  that  at  the  end,  since  the  size  is  uniform.  This  velocity 
is  found  lo  decrease  as  the  length  of  the  |)ipe  increiises,  other 
things  being  equal,  and  becomes  very  small  for  great  lengths,! 
which  sJiows  that  ni-arly  all  the  head  has  been  lost  in  overcoming 
the  resistances.  The  length  of  the  pipe  is  mea.sure(l  along  its 
axis,  following  all  the  curves,  if  there  be  any,  Tlie  velocity  con- 
sidered is  the  mean  \'elocity,  which  is  equal  to  the  discharge  di- 
vided by  the  area  of  the  cross-section  of  the  pipe.  The  actual 
velocities  in  the  cross-section  are  greater  than  this  mean  near  the 
center  and  less  than  il  near  the  interior  surface  of  the  pipe,  the 
law  of  distribution  being  lh.it  explained  in  Art.  86. 

The  object  of  the  discussion  of  flow  in  pipes  is  to  enable  the 
discharge  which  will  occur  under  given  conditions  to  be  deter- 


I 
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minoH,  or  to  aficcrtain  the  proper  size  which  a  pipe  should  have 
En  order  to  deliver  a  given  discharge.  The  subject  cannot,  how- 
ever, be  developed  with  the  defmiteness  which  characterises  the 
flow  from  orii'icus  and  weirs,  partly  because,  the  condition  of  the 
interior  surface  of  the  pipe  greatly  modifies  the  discharge,  partly 
because  of  the  lack  of  experimental  data,  and  partly  on  account 
of  defective  theoretical  knowledge  regarding  the  laws  <rf  flow. 
In  orifices  and  weiis  errors  of  two  or  three  percent  may  be  re- 
^rdcd  as  large  with  careful  work ;  in  pipes  such  errors  are  com- 
mon, and  arc  generally  exceeded  in  most  practical  investigations. 
It  fortunately  happens,  however,  that  in  most  cases  of  the  design 
of  s>'stcm8  of  pipes  errors  of  five  and  ten  percent  are  not  impor- 
tant, although  they  are  of  course  to  be  avoided  if  possible,  or, 
if  not  avoided,  they  should  occur  on  the  side  of  safety. 

The  head  which  causes  the  flow  is  the  difference  in  level  from 
the  surface  of  the  water  In  the  reservoir  to  the  center  of  the  end, 
when  the  discharge  ocairs  freely  into  the  air  as  in  Fig.  SOfl.  If 
A  be  this  head,  and  H'  the  weight  of  water  discharged  i>er  second, 
the  theoretic  potential  energy  per  second  is  IVh;  and  if  p  be  the 
actual  mean  velocity  of  discharge,  the  kinetic  energy  of  the  dis- 
charge b  W  't^/jg.  The  difTercncc  between  these  is  the  energy 
which  has  been  transformed  into  heat  in  overcoming  the  resist- 
ances. Thus  the  total  head  is  A,  the  vclodty-hcad  of  the  out- 
flowing stream  is  t^/ig,  and  the  lost  head  is  A  —  t^/2g.  If  the 
luwer  end  of  the  pipe  is  submerged,  as  in  Fig.  896,  the  head  h  is 
the  difference  in  elevation  between  the  two  water  levels.  I 

The  total  loss  of  head  in  a  straight  pipe  of  uniform  size  con- 
sists of  two  parts,  as  in  a  long  tube  (.Art.  M).  First,  there  is  a 
loss  of  head  A'  due  to  entrance,  which  is  the  same  as  in  a  short 
c>'lindriaU  tube,  and  secondly  there  is  a  loss  of  bead  h"  due  to 
the  frictionai  resisLnnce  of  the  interior  surface.  The  loss  of  head 
at  entrance  is  always  less  than  the  velocity-head  aiKl  in  this 
chapter  it  will  be  expressed  by  the  formula 

m-^  (89), 

I  0.93  for  the  inward  projecting  pipe,  0.49  for  the 
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sUndard  end,  and  o  for  u  perfect  mouthpiece,  as  shown  in  Art.  '■ 
When  the  condition  of  the  end  is  not  spcdticd,  the  value  used  for 
m  will  be  Q.5,  which  supjxises  ihat  the  arrangement  is  tike  the 
standard  tube,  or  nearly  so.  For  short  pipes,  however,  it  may 
be  necessary  to  consider  the  particular  condition  of  the  cad,  and 
then  m  is  to  be  computed  from 

m  «ii/e.y-  I  (89), 

to  which  the  cocfiicient  c«  is  to  be  selected  from  the  evidence  pre- 
sented in  the  last  chapter. 

It  should  be  noted  that  the  loss  of  head  at  entrance  is  vcn- 
small  for  long  pipes.  For  example,  it  is  proved  by  uctual  gaging! 
thai  a  clean  cast-iron  jiipe  loooo  feet  long  and  i  foot  in  diameter 
discharges  about  4J  cubic  feel  per  .second  under  a  head  of  100  feet 
The  mean  velocity  then  is,  if  q  be  the  discliargc  and  a  the  area  of 
the  cross-section, 

8  =  2=  illy.  =  c_^,  feet  per  second, 
a     0.7854 

and  the  probable  loss  of  head  at  entrance  hence  is 
h'  =  0.5  X  0.01555  X  S4>*  =  0.23  feet, 
or  only  one-fourth  of  one  per  cent  of  the  total  head.     In  this  case 
Ihc  effective  velocity-head  of  the  issuing  stream  is  only  0.45  fwl. 
which  shows  that  the  total  loss  of  head  is  99.55  feet,  of  which 
99,3:  feet  are  lost  in  friction. 

Proh.  89.  Under  a  hend  of  20  feet  a  pipir  i  inch  in  diameter  and  100 
(cct  long  discharao  15  £=*"'>■>!(  P^^  rninutv.  Compute  the  lo»  of  head  ut 
entrance. 

Art.  90.  Loss  op  Head  in  Friction 
The  loss  of  head  due  to  the  resisting  friction  of  the  interior 
surface  of  a  pipe  is  usually  large,  and  in  long  pipes  it  becomes  very 
great,  so  that  the  discharge  is  only  a  smalt  percentage  of  that  due 
to  the  head.  Let  A  be  the  total  head  on  the  end  of  the  pipe  where 
the  discharge  occurs,  i-*/  2^  the  velocity-head  of  the  issuing  stream, 
h'  the  head  lost  at  entrance,  and  A"  the  head  lost  in  friction.  Thea 
if  the  pipe  is  straight,  so  that  no  other  losses  of  head  occur, 

A=A'  +  A"+  — 


Loss  of  Ilead  in  FViction.     Art.  90 


Inserting  for  the  cnlrancc-hcad  V  ils  value  from  Art.  89,  this 
equation  becomes  „i  -» 

wliich  is  a  fundamental  formula  for  the  discufsion  of  flow  ia 
straight  pipes  of  uniform  size. 

The  head  lost  in  friction  may  be  determined  for  a  particular 
case  by  measuring  the  head  A,  the  area  a  of  the  cross-section  of 
the  pipe,  and  the  discharge  per  second  q.  Then  g  divided  by  a 
gives  the  mean  vdodty  i>,  and  from  the  above  equation,  inserting 
for  m  its  value  from  {SQ)i,  there  !:« found 

which  ser^-es  to  compute  h",  the  value  of  c,  being  first  seiceted 
according  to  the  condition  of  the  end.  This  mtrthod  is  not  a  good 
one  for  short  pipes  because  of  the  uncertainty  regarding  the  co- 
efficient c  (Art.  84),  but  for  long  pipes  it  gives  precise  results. 


Another  method,  and  the  one  most  generally  employed,  is  by 
the  use  of  piezometers  (Art.  85).  A  portion  of  the  pipe  being 
selected  which  is  free  from  sharp  curves,  (wo  pieaometcr  tubi?.  are 
inserted  into  which  the  water  rises,  or  the  pressure-heads  arc 
measured  by  gages  (.'^rt.  36).  The  difference  of  level  of  the  water 
surfaces  in  the  piezometer  tubes  is  then  the  head  lost  in  the  pipe 
between  them  (.^rt.  85),  and  this  loss  is  caused  by  friction  alone 
if  the  pipe  be  straight  and  of  uniform  size. 

By  these  methods  many  ol>ser^-ations  have  been  made  upon 
pipes  of  dilTerent  sizes  and  lengths  under  different  velocities  of 
Bow,  and  the  discussion  of  these  has  enabled  the  approximate 
laws  to  be  deduced  which  govern  the  loss  of  head  in  friction,  and 
tables  to  be  prepared  for  practical  use.    These  laws  are : 

T.  The  loss  of  head  in  friction  b  directly  proportional  to  the 
[  length  of  the  pipe. 

9.   U  is  Inversely  proportional  to  the  diameter  of  the  pqie. 

3.  It  increases  nearly  as  the  square  of  the  velocity. 

4.  It  is  independent  of  the  pressure  of  the  water. 
$.   It  increases  with  the  roughness  of  the  interior  surface. 
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These  five  laws  may  be  expressed  by  the  formula 

A" 


U2R 


l-lg.  90. 


in  which  /  is  ihc  k-nglh  of  the  piiH\  </  its  diameter,/  is  an  abslraC' 
number  which  dqKnds  upon  the  degree  of  rounhncss  of  the  saf^ 
face,  and  r'/'ag  is  the  velocity-head  due  to  the  mean  velocity. 

Tliis  fonnula  may  be  ju-stificd  by  reasonings  based  on  tli' 
oiisumptiun  that  wlial  lias  been  called  the  loss  in  friction  is  reall^i^ 
Laiised  by  impact  of  the  particles  of  water  against  each  othcr'il 
Fig.  90  represents  a  pipe  with  the  roughness  of  its  surface  cnor — ■ 

mously  exaggerated  and  imperfectly 
shows     the     disturbances     thereby^ 
caused.      As  any  particle  of  watcc4 
strikes  a  protuberance  on  the  surface, 
it  is  deflected  and  its  velocity  dimin— 
ishtfd,  and  then  other  particles  of  water  in  striking  against  it  ab<r 
undergo  a  diminution  of  velocity.    Now  in  this  case  of  imgKtct  the 
resisting  force  F  acting  over  each  square  unit  of  the  surface  is  t* 
he  regarded  as  varying  with  the  square  of  the  velocity  (Arts.  27 
and  70).    The  total  resisting  friction  for  a  pipe  of  length/  and 
diameter  d  is  then  irdlF,  and  the  work  lost  in  one  second  is  dhrf-'s. 
Let  H'  be  the  weight  of  water  discharged  in  one  second,  then 
Wk"  is  abo  the  energy  lost  in  one  second.    But  W  =  wq,  if  tc  be  I 
the  weight  of  a  cubic  unit  of  water  and  g  the  discharge  per  second, 
and  the  value  of  q  is  \wdh.    Then,  equating  the  two  exprcssicms 
for  the  lost  energy,  and  replacing  F  by  Cp*  where  C  is  a  constant, 
there  results  .  »         ,  j-  > 

wd  w  a 

Now  C  must  increase  with  the  roughness  of  the  surface  and  hence^ 
this  expression  is  the  same  in  form  a^  (90),  and  it  agrees  with 
five  laws  of  experience. 

Values  of  h"  having  been  found  by  experiments,  in  the  manner 
described  above,  values  of  the  quantity  /  can  be  computed.  In 
this  way  it  has  been  found  that  /  varies  not  only  with  the  rough- 
ness i>i  the  interior  surface  of  the  pipe,  but  also  with  its  diameter, 


Prictit 


and  wilh  the  velocity  of  flow.  From  the  discussions  of  Panning, 
Smith,  and  others,  the  mean  values  of/ given  in  Tabk'  90a  have 
bcoioimpik-d,  which  are  applicable  to  clean  cast-iron  and  wroiight- 
iron  pipc»,  either  smooth  or  coated  with  coal-tar,  and  laid  with 
dose  joints. 

Table  90a.    Friction  Factors  for  Clean  Iron  Pipes 
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The  quantity/ may  be  called  the  friction  factor,  and  the  table 
&hotra  that  it.s  value  ranges  from  0.05  to  0.01  for  new  clean  iron 
pipes.    A  rough  mean  value,  often  used,  is 

Friction  factor/ =  0.02 
It  is  seen  that  the  tabular  values  of  /  decrease  both  when  the 
diameter  and  when  the  ve!o».ily  incrwiscs,  iind  ibal  ihcy  vary 
most  rapidly  for  small  pipes  and  low  velocities.  The  probable 
error  of  a  tabular  value  of/  is  about  one  unit  in  the  third  decimal 
place,  which  Is  equivalent  to  an  uncertainty  of  10  percent  when 
/  =  0.01 1,  and  to  5  percent  when  /  =  o-oai.  The  effect  of  this 
is  to  render  computed  values  of  h"  liable  to  the  same  uncertainties; 
but  the  effect  upon  computed  velocities  and  discharges  is  much 
lues,  as  will  be  seen  in  ^Vrt.  08. 


218 


Chap.  8.     Flow  of  Water  throuRh  Pipes 


To  dcti-rmine,  tlierefore,  the  probable  loss  of  head  in  friction, 
the  vclodly  v  must  be  known,  and  /  is  taken  from  Table  90a  for* 
the  given  diameter  of  pipes.  The  formula  (90)  then  gives  the 
probable  Iom  of  head  in  friction.  For  example,  lei  /  =  loooo 
feel,  d  =  I  foot,  v  s=  5.41  feet  per  second.  Then  from  Table  90j 
the  factor/  is  0.021,  and 

V  =  0.03 1  X  ^^  X  0-455  =  95.S  'eet, 

wliich  is  to  be  regarded  as  an  approximate  value,  liable  to  an 
uncertainty  of  5  percent. 

Table  90A,     Friction  Heau  for  ioo  Feet  or  Clean  Iron  Pipe 
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From  Table  90ci  and  formula  (90)  the  losses  of  heat!  in  friction 
for  100  feel  of  clean  cast-iron  pipe  have  been  computed  for  differ- 
ent values  of  d  and  /  and  are  given  in  Table  90i,  from  which  ap- 
proximate computations  may  be  rapidly  made.  Thua,  for  the 
above  daLi,  by  interpolation  in  Table  906,  there  is  found  0.Q52 
feet  for  the  loss  in  100  feel  of  pipe,  and  then  for  10000  feet  the 
loss  of  head  is  95.3  feet. 
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Trob.  M.  Dctcraiinc  the  sclual  loss  of  head  in  friction  from  the  (ol- 
Jowing  ciperimcnl :  /  =  60  feet,  h  =  S.a  ivtL,  d  •  0.0S7S  feet,  q  —  0.03334 
cubic  fMt  per  second,  iuid  c  —  oA.  Compute  the  probable  loss  for  the  same 
data  from  (omiula  (90)  and  abo  from  Table  906. 

Art.  91.    Loss  op  Head  in  Cuhvatiikr 

Thus  far  the  pipe  has  been  regarded  as  straight,  so  that  no 
losses  of  head  occur  except  at  entrance  and  in  friclion,  But 
when  the  pipe  is  laid  on  a  curve,  the  water  suffcis  a  change  in 
direction  whereby  an  increase  of  pressure  is  produced  in  the 
direction  of  the  radius  of  the  curve  and  away  from  its  center 
(Art.  150).  This  increase  in  pressure  causes  eddying  motions  of 
the  water,  from  which  imiract  results  and  cnergj'  is  transformed 
into  heat-  'llie  total  loss  of  head  A'"  due  to  any  cur\'e  evidently 
increases  with  its  length,  and  should  be  greater  for  a  small  pipe 
than  for  a  lirge  one.  Hence  the  loss  of  head  due  to  the  curvature 
of  a  pipe  may  be  written 


dig 


m  which  /  is  the  length  of  the  curve,  d  the  diameter  of  the  pipe, 
V  the  mean  velocity  of  llow.  and  /i  is  an  abstract  niunber  called 
the  cur^'c  factor,  that  depends  upon  ihe  ratio  of  the  radius  of  the 
curve  Id  the  diameter  of  the  pipe.  Let  R  be  the  radius  of  the 
circle  in  which  the  center  line  of  the  pil>e  is  laid.  Then,  if  ^  is 
infmity,  the  pipe  is  straight  and  /i  =  o;  but  a-s  the  ratio  R/d 
decreases,  the  N-aluc  of /i  increases. 

There  arc  few  cxf>eriments  from  which  to  determine  the  values 
of /t.  Weisbach.  about  1850,  from  a  discussion  of  his  own  ex- 
periments and  those  of  Castel,  deduced  a  formula  for  tlie  value  of 
f\tfd  for  cur\'es  of  one-fourth  of  a  circle,*  and  from  this  the  follow- 
ing values  of  the  curve  factor  /i  have  been  computed : 

for  Rfd  =     JO  10  5  3  3  1.5         1 .0 

/,  =  0.004     0,008     0.016     0.030     0.047      0.072     0.184 

These  values  of  /i  arc  applicable  only  to  small  smootli  iron  pipes 
where  the  entire  cur\'e  is  without  joints,  since  most  of  the  jMpca 

*  Die  ExpcrimDnuk  llyitntullit  (Freihcrg,  1355),  p.  159.     Medianics 
ef  EofiiKennB  (I^ew  Vork,  iSjo),  vol.  i,  p.  898. 
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on  which  the  above  cxpccimcnl*  were  made  were  probably  of 
this  kind. 

Freeman,  in  1889,  made  measurements  of  the  loss  of  head  in 
lire  hose  2.49  and  a.64  inches  in  diameter,  and  the  ciir\-cs  were 
complete  drcics  of  2,  3,  and  4  feet  radius.*  From  the  results 
pvcn  for  the  smaller  hose  the  following  v-alucs  of  the  curve  fac- 
tor/i  have  been  found: 

for  R/d  =     19.2  14.4        9.6 

/i  =    0.0033      0.0034    0.0048 

while  for  the  larger  hose  the  values  are 

for  R/d  =  18.2  13,6  9.1 

/i  =»        0.0032        0.0041        0.0040 

These  values  are  in  fair  agreement  with  those  given  above  for 
small  iron  pipes. 

Williams,  Hubbcll,  and  Fenkell,  in  1898  and  1899,  made  meas- 
urements in  Detroit  on  cast-iron  water  mains  having  curves  of 
90°.  From  their  results  for  a  30-inch  pipe  the  values  of  the  curve 
factor /i  have  been  computed  and  are  found  to  be  as  follows : 

for  R/d  =14  16  10  6  4         2.4 

/i  =   0.036      0.037     0.047     0.060    0.062    0.072 

while  from  their  work  on  a  12-inch  pipe  the  values  arc 

for  R/d  =4         3  2         I 

/i  =  0.05    0.06     0.06    0.20 

Of  these  values,  those  derived  from  the  lai^er  pipe  are  the  most 
reliable,  and  it  is  seen  that  they  are  much  greater  than  the  values 
deduced  from  Weisbach's  investigations  on  small  pipes.  Prob- 
ably some  of  this  increase  is  due  to  the  circumstance  that  the 
curves  had  rougher  surfaces  and  that  the  joints  were  nearer  to- 
gether than  on  the  straight  portions.  Iliese  experiments  f  were 
made  with  the  Pitot  tube  in  the  manner  explained  in  Arts.  41  and 
86.  They  show  that  the  law  of  distribution  of  the  veliKities  in 
the  cross-section  is  quite  different  from  that  for  a  straight  pipe, 

*  THnsBctions  Aint!rican  Sodety  of  Civil  En^iwcre,  iSSg,  vol.  ai,  p,  36]. 
\  Tiunsoctioos  .American  Society  o(  CIvU  Englnoen,  tgot,  vol.  47. 
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the  maximum  velocity  bcinR  not  at  the  ccolcr,  but  between  the 
center  aixi  the  outside  of  the  curve. 

From  the  experiment  of  Srhodcr,*  on  6-inch  pipe  and  bends 
uf  90*^,  the  following  values  of/  liave  been  computed  for  velocities 
of  5  and  16  feet  per  second: 

for  RJd^     20  IS  10  6  S  * 

»=  5,      /i  =  0.008      0.004       o.oio      0,020      0.018      0.049 
r"i6,       /i=  o.ooS      ox}09      o.oii       o.oii       0.0^2      0.059 

I  The  data  given  by  Davis*  from  his  experiments  on  pipe  about 
2^(  inches  in  diameter  for  bends  of  90°,  enable  the  following  values 
of/i  to  be  computed  for  velocities  of  5  and  15  feet  per  second: 

for  R/d  =      10  6  5  4  J  I 

r=  s,       /i=  0.023      0.024      0.017       0.032      ojo&\       0.323 
»=i5,       /i"  0,027      0.051       0.053       0.058      0.144       0-394 

From  the  experiments  of  Brightraore.f  on  pipes  4  inches  in 
diameter  and  for  bends  of  90°,  the  values  of  /i  given  below  have 
been  computed  for  velocities  of  5  and  to  feet  per  second: 

for  R/d  ■»     lo  6  s  43  1 

»-  5.      />=■  **-o'5      0033       0034       0036      O'OS       0406 
ff"io,       /t=  0.013      0-034      0,040       0.046      0.127       0-365 

While  the  above  values  of/i  arc  few  in  number,  and  not  wholly 
in  accord,  yet  they  may  scrs'c  as  a  basis  for  roughly  estimating 
the  loss  of  head  due  to  curvature.  For  example,  let  there  be 
two  curves  of  24  and  16  feet  radius  in  a  pipe  2  feet  in  diameter, 
KCh  curve  being  a  quadrant  of  a  circle.  The  ratios  R/'d  arc  12 
nd  8,  and  the  values  o(/i,  taken  from  those  deduced  above  from 
the  large  Detroit  pipe,  are  0.044  iin<l  0.053.  Tlie  lengths  of  the 
curves  arc  37.7  and  25.1  feet,  and  then  from  (9])i 

A"'  =  o.044i^-  =  o.83-?^ 

2      2X  ig 


k" 


'  0.053 


2Sd-^  =  „Artll 


H 


ig 


*  TraflMdiom  American  Sockly  of  Civil  ICngiiwcris  vol.  5». 
t  Plooeediap  InxUtucion  of  Civil  En{[inccrs,  vol.  i6g. 
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are  tJie  losses  of  head  for  the  two  cases.  Here  it  is  seen  (hat  the 
easier  curve  gives  the  greater  loss  of  head.  By  the  use  of  the 
values  of/i  deduced  from  Wcisbach's  investigation,  the  loss  of  head 
is  much  smaller  and  the  sliarper  curve  gives  the  greater  loss  of 
head,  since  the  coefficients  of  the  vdocity-hcad  arc  found  to  be 
0.1,;  and  0.14  instead  of  0.83  and  0.66.  The  subject  of  losses  m 
curves  is,  indeed,  in  an  uncertain  state,  since  sufiident  experiments 
have  not  been  made  either  to  definitely  establish  the  validity  of 
(91)i  or  to  determine  authoritative  values  of  the  cun-e  factor /|. 
Probably  it  will  be  found  that/i  varies  with  the  diameter  d  as  well 
as  with  the  ratio  R/d. 

When  there  are  several  cur\-es  in  a  pipe  line,  the  value  ot/i(l/d) 
for  each  curve  is  to  be  found  and  then  these  are  to  be  added  in 
order  to  find  the  total  loss  of  head.    Thus,  in  general, 

0* 


< 
I 


3S 


(91). 


is  the  total  loss  of  head,  in  which  wi  represents  the  sum  of  the 
values  of  Ji{l/d)  for  all  the  curves.  It  must  be  remembered, 
however,  that  this  loss  of  head  is  occasioned  by  the  fact  that  the 
pipe  is  curved  and  that  it  is  to  be  added  to  the  loss  caused  by 
friction  along  the  entire  length  of  the  pipe.  In  other  words  the 
curve  factor /i  docs  not  include  the  friction  factor/. 

The  lost  head  due  to  curv-aturc  in  a  pipe  line  is  usually  low- 
compared  with  that  lost  in  friction,  since  the  number  of  curves 
is  usually  made  as  small  as  possible.  For  example,  take  a  pipe 
1000  feet  long  and  3  inches  in  diameter,  which  has  ten  curves,  five 
being  of  90*  and  6  incni-s  radius  and  five  being  of  s;".,^  and  5  feet 
radius.  From  (90),  using  0.02  for  the  mean  friction  factor,  the 
loss  of  head  in  friction  is  80  p*/2^.  From  C9])i,  using  the  curve 
factors  deduced  from  Weisbach,  the  loss  of  head  tor  the  five  sharp 
curves  is  0.74  ti'/jje,  and  that  for  the  five  easy  curves  is  0.4.  J?/3g. 

Prob.  91.  K  the  central  angle  of  a  curve  of  18  inches  radius  is  S7°J. 
what  is  the  length  of  Ihc  curve?  H  a  hose,  i\  inches  in  diameter.  Is  laid 
on  tJii&  curve,  compute  the  loss  in  head  due  to  curvaliirc  whcntfae  velocity 
in  the  hoK  is  30  foci  per  secood  and  uI.-k>  when  it  is  1 5  feet  per  second. 
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Art.  92.    Other  Losses  ok  Hkad 

Thus  far  the  cross-section  of  the  pipe  has  been  supposed  to  be 
constant,  so  that  no  losses;  of  head  occur  except  at  entrance  (Art. 
89),  in  friction  (Art.  90).  ant!  in  curvature  (Art.  91).  But  if  the 
pipe  contains  valves,  or  has  obstructions  in  its  cross-section,  or  is 
of  different  diameters,  other  losses  occur  which  are  now  to  be 
considered. 

The  figures  show  three  kinds  of  \-alvcs  tor  regulating  the  flow 
in  pipes :   A  being  a  valve  consisting  uf  a  verlical  stiding-gate, 
r      Ba  cock-valve  formed  by  two  rotating  segments,  and  C  a  throttle- 
valve  or  circular  disk  which  moves  like  a.  damper  in  a  stovepipe. 

T 


y-"- 


Fin.  9a. 


The  loss  of  head  due  to  these  may  be  very  large  when  they  are 
sufficiently  doAcd  so  as  to  cause  a  sudden  change  In  velocity.    It 


may  be  expressed  by 


*""  =  m- 


H 


in  which  m  has  the  following  values,  as  determined  by  Weisbach 
from  his  experiments  on  pipes  of  small  diameter.'  For  the  gate- 
valve  let  d'  be  the  vertical  distance  that  the  gate  is  lowered  below 
the  top  of  the  pipe ;  then 

ioxd\!d  =  0  i  J  \  \         i         \        \ 

m  =  oja    0.07     o.a6    o.Si     2.1     5.5     17     98 

For  the  cock-valve  let  $  be  the  angle  through  which  it  is  turned, 
as  shown  at  B  in  Fig.  92 ;  then  ' 


for  6  =  0° 


m 


10*       jo"      y>°   40°     50°     55°     6o<'      65" 
o.2g        1.6      5.5     17       53      106     }o6      486 


In  Hke  manner,  for  the  throttle-valve  the  coefficienls  are  ; 


(or  5=5°        lo** 
m  =  0.24    0.52 


30" 


y3°    40"    so*"     60*'     65* 


70" 


3.9     II       33      118     256      750 


*  Ueclunia  of  EnpoMtinic,  vol.  I,  Ou's  tnnduioo,  p.  901. 
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The  number  m  hence  rapidly  increases  and  becomes  ver>* 
when  tile  valve  is  fully  closed,  but  as  the  velocity  is  then  ztn^ 
there  is  no  loss  of  head.    The  velocity  v  here,  as  in  other  cases, 
refers  to  that  in  the  main  pari  of  the  pipe,  and  not  to  that  in  the 
contracted  section  formed  by  the  valve. 

Kutchlini^'s  cxperimcnls  •  on  a  gate-valve  for  a  24-inch  pipe 
give  values  of  m  which  are  somewliat  greater  than  those  deduced 
by  Wcbbacb  from  pipes  less  than  2  inches  in  diameter.  Con- 
sidering Ihe  great  variation  in  size,  the  agreement  is,  however, 
a  remarkable  one.     He  found 

forrf'/d=J      ^      }       I        J       H 
m  =0.8     1.6     3.3     8.6     22,7     41.2 
and  hi&  computed  value  of  m  when  d'/d  equals  J  is  75.6. 

An  accidental  obstruction  in  a  pipe  may  be  regarded  as  causing 
a  contraction  of  section,  followed  by  a  sudden  expansion,  and  the 
loss  of  head  due  to  it  b,  by  Art.  77, 

\a  J  2g  2g 
where  a  is  the  area  of  the  section  of  the  pipe,  and  a'  that  of  the 
iliminishwl  section.  This  formula  shows  that  when  a'  is  one- 
half  of  a,  the  loss  of  head  is  equal  to  the  vclodty-hcad,  and  that 
m  rapidly  increjises  as  a'  diminishi-s.  The  same  formula  gives 
the  loss  of  head  due  to  the  sudden  enlargement  of  a  pipe  from  the 
area  a'  to  a. 

Air-valvcs  arc  placed  at  high  points  on  a  pipe  line  in  order  to 
allow  the  escape  of  air  that  collects  there.  Mud-valves  or  blow- 
offs  arc  placed  at  low  points  in  order  to  clean  out  deposits  that  may 
be  formed  as  well  as  to  ^mpty  the  pipe  when  necessary.  These 
are  arranged  so  as  not  to  contract  the  section,  and  the  losses  of 
head  caused  b)-  ihem  are  generally  very  small.  When  a  blow- 
off  pipe  is  opened  and  the  water  flows  through  it  with  the  velocity 
V,  the  loss  of  head  at  itsenlnince,  even  when  the  edges  arc  rounded, 
is  as  high  as  or  higher  than  0.56  v'/2g,  according  to  the  experi- 
ments of  Fletcher. 


•  TranMaions  Amerlan  Sodety  of  Clwil  Bnemiwni,  iSqi,  v^I.  »6.  p.  Wh 
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In  the  following  pages  the  symbol  A""  will  bt;  used  to  denote 
the  Sum  of  all  the  losses  of  head  due  to  valves  and  contractions  of 
section.    Then 


A""  =  m,^ 
^8 


(92) 


in  which  Mt  will  denote  the  sum  of  all  the  values  of  m  due  to  these 
causes.    In  case  no  mention  Is  made  regarding  these  sources 
los3  they  are  suppo&ed  not  to  exist,  so  that  both  mj  and  h""  ai 
simply  zero. 

ProI>.  92.    Which  causes  the  greater  toss  or  head  tn  a  ]4-iiich  pipe, 
a  gatc-vnlvc  onc-ktlC  cU^kxI,  or  tive  90°  curws  of  16  feet  radiu*  ? 


Art.  93.    Formdla  for  Mean  VELOcmr 

The  mean  velocity  in  a  pipe  can  now  be  deduced  for  the  con- 
dition of  steady  flow.  The  total  head  being  A,  and  the  efftxtivc 
velocity-head  of  the  issuing  stream  being  ir/sg,  the  lost  head 
A  —  v'/2g,  and  tJiis  must  be  equal  to  the  sum  of  its  parts,  or 

A-ii=A'-t-r+y"+A"" 

Substituting  in  this  the  values  of  the  four  lost  heads,  as  de- 
termined in  the  four  preceding  articles,  it  becomes 


k  —  —  =m 

3g 


2g         d  2g  2i  ag 


and  by  solving  (or  v  there  is  found 


ir 


A&'l 


+  m+/(//d)+«,  +  »(  ^     " 

which  is  the  general  formula  for  the  mean  velocity  in  a  pipe  of 
constant  cross-section. 

The  most  common  case  is  that  of  a  pipe  which  has  no  curves, 
or  curves  of  such  large  radius  that  their  influence  is  very  small, 
ad  which  has  no  partially  cliwcd  valves  or  other  obstructions. 
?or  this  case  both  ntj  and  m^  are  zero,  and,  talcing  m  as  0.5,  the 
formula  becomes 


'-4tJ 


jsL 


which  applies  to  the  great  majority  of  cases  in  engineering  practice. 
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In  this  formula  the  friction  factor  /  is  a  function  of  o  to  be 
taken  from  Tabic  90a,  and  hence  v  cannot  be  directly  computed, 
but  must  be  obtained  by  successive  appn>xiniatH>ns.  For  exam- 
ple, let  it  be  required  to  compute  the  velocity  of  discharge  from 
a  pipe  ,jooo  feet  long  and  6  inches  in  diameter  under  a  head  of  g 
feet.  Here  /  =  3000,  d  =  0,5,  and  A  =  9  feet,  and  taking  for 
/  the  rough  mean  value  0.02,  formula  (93)-  gives 

^  I  -S  +  0.02  X  30cx>  X  3 

The  approximate  velocity  is  hence  2,2  feet  per  second  and  enter- 
ing the  table  with  this,  the  value  of/  is  found  to  be  0.026.  Then 
the  fonnula  gives 

/        aX  12.16X0  »    .  J 

v  =  \ ; '' ^ =  I.Q2  feet  per  second. 

\  1.5-1-0.026X5000X2 

This  is  to  be  regarded  as  the  probable  x-alue  of  the  velocity,  ancc 
the  table  gives/  =  0.026  for  c  =  1.92.  tn  this  m.anner  by  one 
or  two  trials  the  value  of  v  can  be  computed  so  as  to  agree  with 
the  corresponding  value  of  /. 

To  illustrate  the  use  of  the  general  formula  {93)i  let  the  pipe 
in  the  above  example  be  supposed  to  have  forty  90*  curves 
of  6  inches  radius,  and  to  contain  two  gatc-^-alvcs  which  are  half 
closed.  Then  from  Arts.  91  and  92  there  are  found  mi  =  11.6 
for  the  curves  and  wij  =  4.2  for  the  gates.    The  mean  velocity 

then  is  I        V      16X0 — 

V  =  \j- — ^-^ — —  ' —  =  1.85  feet  per  second, 

\  1 7.3 +  0.026X6000  •*         ^ 

which  is  but  a  trille  less  than  that  found  before.  With  a  shorter 
pipe,  however,  the  inlluence  of  the  curves  and  gates  in  retarding 
the  flow  would  be  more  marked. 

The  head  required  to  produce  a  gi%'cn  velocity  v  can  be  ob- 
tained from  {93)i  or  (93),.  Thus  from  the  general  formula  the 
required  licad  Is 

A  =(1  +  «  +f(l/d)+  «,  +  nh)j 

in  which  for  common  computations  m  =  0.5,  while  M]  and  ntt  arc 
neglected. 
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The  error  in  Uw  computed  vt-locity  due  to  an  error  of  one  unit 
in  Ok  last  decimul  of  the  friction  factor /i&  always  rclalivdy  lor<.<  ihiin 
tlif  error  in  /  itsdf.  For  instunce,  wbtrc  v  is  computed  for  the  above 
example  vntb  f  •=  0.015,  which  h  4  percent  less  than  0.016,  tu 
value  is  found  to  be  i.of>  feel  |)cr  second,  or  1  pcrctnt  greater  than 
1.9^.  In  fj;encral  the  percentage  of  error  in  c  is  less  than  one-half 
of  that  in  /.  It  hence  appears  that  computed  velodttes  arc  liable 
to  probable  errors  raugiiiK  from  i  to  5  percent,  owinj?  to  imperfections 
in  the  tabular  values  of  /  for  new  clean  pi|K-».  This  uncertainty 
b  as  a  rule  still  further  increased  by  various  causes,  so  that  5  per- 
cent is  to  be  r^iurded  as  a  common  probable  error  in  computations 
of  velodty  and  discharge  from  pipes. 

Velocities  greater  than  15  feet  per  iieoond  are  very  unusual  in 
pipes,  and  but  little  is  known  asto  the  values  of /for  such  cases.  For 
vdocitieslcss  than  0.5  feel  per  second,  the  values  of /are  also  not  known 
{Art.  110),  so  that  only  a  rough  reliance  can  be  placed  u[jon  computa- 
lion.t.  The  usual  velociij'  in  water  mains  is  less  than  five  feel  per 
second,  it  being  found  inadvisable  to  allow  swifter  flow  on  aa'ount 
of  the  great  los*  of  head  in  friction. 

Prob.  93.  I'sing  for  /  the  mean  value  0.01  compute  the  head  required 
to  f:nusc  a  velocity  of  lo  feet  per  itecond  in  a  pipe  15000  feet  lung  and  iS 
inches  in  diameter. 


Akt.  94.    Computation  of  Discharge 

The  discharge  per  second  from  a  pipe  of  given  diameter  is 
found  by  multiplying  the  velocity  of  discharge  by  the  area  of  the 
cross-section  of  the  pipe,  or 

q-iirdh  =  o.ySs4d*v  (94) 

in  which  r  is  lo  be  found  by  the  method  of  the  lost  article. 

For  example,  let  it  be  required  to  find  the  discharge  in  gallons 
per  minute  from  a  cic^in  pipe  3  inches  in  diameter  and  1500  feet 
long  under  a  head  of  64  feet.  Here  d  =  0.25. 1  =  1500.  and  h  = 
64  feet.  Then  for  /  =  0.02  the  velocity  is  found  from  (93)i  to 
be  5.82  feet  per  second  ;  then  from  Table  90a  is  foimd/  =  0.024 
and  the  velocity  is  5.30  feet  per  second.  The  discharge  in  cubic 
feet  per  second  is 

q  =  0.7854  X  0.25'  X  5.30  =  0.260 


: 
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which  is  equal  to  116.7  gallons  per  minute.  This  is  the  probable 
result,  which  is  liable  to  the  same  uncertainly  as  the  velocity,  say 
about  3  percent ;  so  that  strictly  the  discharge  should  be  written 
1 16.7  ±  3.6  gallons  per  minute. 

By  inserting  the  value  of  v  from  (93)i  in  the  above  expression 
for  q  it  becomes 


,  =  J.^^- 


^b    __ 


^^      Ihr 


and  from  tlris  the  head  required  to  |n-(xluce  a  given  d&charge  is 

These  formulas  are  not  more  convenient  for  precbe  computations 
than  the  separate  expressions  for  v,  q,  and  It  previously  estab- 
lished, since  V  must  be  computed  in  order  to  select/fmm  the  tabic. 
For  approximate  computations,  however,  when  /  may  be  taken 
as  0.02.  ihey  may  advantageously  be  used.  In  the  English  system 
of  measures  A  and  d  are  to  be  taken  in  feet  and  q  in  cubic  feet  per 
second,  and  the  constants  in  these  two  formulas  have  the  values 

\it  Vzg  =  6.299  S/tt*^  =  0.0352 
The  last  formula  shows  that  the  head  required  for  a  pipe  of  ^ven 
diameter  varies  directly  as  the  square  of  the  proposed  discharge. 
Thus,  if  a  head  of  50  feet  delivers  8  cubic  feet  per  second  through 
a  certain  pipe,  a  head  of  about  zoo  feet  will  be  necessary  in  order 
to  obtain  16  cubic  feet  per  second. 

Trcib.  91.    Wliat  hni  t  ix  rcquimi  lo  dlsichatge  6  gallons  per  minute 
through  a  pipe  i  inch  in  diameter  and  1000  feet  long? 


Abt.  95.    Computation  of  Diameter 


It  is  an  important  practical  problem  to  determine  the  diameter 
of  a  pipe  to  discharge  a  given  quantity  of  water  under  a  pvcn 
head  and  length.  The  last  equation  above  serves  to  solve  this 
case,  if  the  curve  and  valve  resistances  be  omitted,  as  all  the 
quantities  in  it  except  d  arc  known.    This  equation  reduces  to 


Computation  of  DiamoUr.     Art.  96 


330 


(95) 


and  for  the  English  system  of  measures  this  becomes 

which  h  the  formula  for  computing  d  when  A,  /,  and  d  are  in  feet 
and  y  is  in  cubic  feet  per  second.  The  value  of  the  friction  factor 
/  may  be  taken  as  0.02  in  the  first  instance,  and  the  d  in  the  right- 
hand  member  being  neglected,  an  approximate  value  of  the  diam- 
eter is  computed.    The  velocity  is  next  found  by  the  fonnula 

and  from  the  Tabic  00a  the  value  of  /  thereto  corresponding 
selected.    The  computation  for  d  is  then  repealed,  placing  in  the' 
right-hand  member  the  appraximatc  value  of  d.    Thus  by  one 
or  two  triab  the  diameter  is  computed  which  will  very  closely 
satbfy  the  given  conditiorts. 

For  example.  let  it  be  required  to  determine  the  diameter 
of  a  new  pi|jc  which  will  deliver  500  gallons  per  second,  its  length 
bdng  4500  feet  and  the  head  24  feet.    Here  the  discharge  is 

g  =  500/7.481  =  66.84  cubic  feet  per  second. 

The  api>roximatc  value  of  d  then  ^s 

d  =  o.479p^''S^^^^'^')*  =  3-35  feet 

From  this  the  mean  velocity  of  flow  is 


i»  = 


_66^84^ 


— r  =  7.6  feet  per  second, 


0-7854X3.35* 
and  from  the  tf  Ue  the  value  of/  for  this  diameter  and  velocity 
is  found  to  be  0.013.     Then 

rf  -  o^79[{i.5  X  3.3s  +  0^13  X  4500)^'] 

d  =  3.125  feet.  With  this  value  of  rf  the  velocity 
'  fijund  to  be  8.71  feet,  so  that  no  change  results  in  the  value 
The  required  diameter  of  the  pipe  is  therefore  3.1  feet,  or 
about  37  inches ;  but  as  the  regular  market  sizes  of  pipes  furnish 
only  36  inches  and  40  inches,  one  of  the^  must  be  used,  and  it 
will  be  on  the  side  of  safety  to  select  the  larger. 
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It  is  very  important,  in  determining  the  size  of  a  pipe,  to  at 
consider  that  the  interior  surface  may  become  rough  by  corrosion^ 
and  incnislation,  thus  increasing  the  value  of  the  friction  factuf 
and  diminishing  the  discharge.    It  has  been  found  that  somfrfl 
waters  deposit  incrustations  which  in  a  few  years  render  the  values 
of  /  more  than  double  those  given  in  Table  90u.     In  Art.  106 
will  be  found  values  of  the  friction  factor  as  determined  by  ex- 
periment on  various  pipes  of  different  ages.     The  increase  in 
/  from  these  causes  is  not  likely  to  be  so  great  in  a  large  pipe  as  in 
a  small  one.  but  it  is  not  improbable  that  for  the  ;ibove  example 
they  might  be  sufficient  to  make/  as  targe  as  0.03.    Applying  this 
value  to  the  computation  of  the  diameter  from  the  given  data 
there  is  found  d  =  3.6  feet  =  about  43  inches. 

The  sir*s  of  iron  pipes  generally  found  in  the  n-arket  are  J,  J,  i, 
r i,  I i,  a.  5, 4. 6.  S.  10,  la.  16, 18,  jo,  24, 27, 30,  x.6, 40. 44,  and  48  inches, 
while  inlerniediate  and  larger  sizes  niu.<t  be  iradtr  u>  order.  The  com- 
putation of  the  diameter  is  merely  a  guide  to  cnahlc  one  of  these  si«s 
to  bo  selected,  and  therefore  it  is  entirely  unnecessary  that  the  numer- 
ical work  should  Iw  carried  to  a  high  degree  of  precision,  In  fact, 
three-figure  logarithms  arc  usually  sulTicient  to  determine  n^iabk_ 
values  of  <i  from  formula  (95). 

I*h>b.  95.     Compute  the  (liarnetrr  of  n  jMpe  to  deliver  ;o  gallons 
minuir  under  a  licad  of  4  feet  when  its  length  Is  500  feet.     Also  when  if{ 
length  U  5000  feet. 

Art.  96.    Short  Pipes 

A  pipe  is  said  to  be  short  when  its  length  is  less  than  aboi 
500  limes  its  diameter,  and  ver>-  short  when  the  length  is  less  tV 
about  so  diameters.     In  both  cases  the  coefficient  Ci  should 
eslimated  according  to  the  condition  of  the  upper  end  as  prcciscl 
as  pa^ible.  and  the  length  /  should  not  include  the  first  thr 
diameters  of  the  pipe,  as  that  portion  properly  belongs  to  the  tube 
which  is  regarded  as  discharging  into  the  pi(je.     In  attempting 
to  compute  the  discharge  for  such  pipes,  it  is  often  found  that  thij 
velocity  is  greater  than  given  in  Table  90a,  and  hence  that  the 
frictiori  factor/cannot  be  a.icertained.     Por  this  reason  no  accu- 
rate eeliniatc  can  be  made  of  the  discharge  from  short  pipes  under 
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Sigh  heads,  and  forlunatcly  it  is  not  often  necessary 
in  engineering  constructions. 

For  example,  let  it  be  required  to  compute  the  velocity  of 
flow  from  a  pipe  i  foot  in  diameter  and  loo  feet  long  under  a  head 
of  lOO  feet,  the  upper  end  being  so  arranged  that  Ci  =  0.80.  and 
hence  mi  =  0.56  (Art,  89).  Neglecting  «i  and  wt,,  since  the  pipe 
has  no  curves  or  valves,  formula  (93)i  for  the  velocity  becomes 


^^/=: 


2gh_ 


36  4-/C//d) 

and,  using  for/  the  rough  mean  value  0.02  and  taking  /  as  97  feet, 
there  b  found  42.9  feet  per  second  for  the  mean  velocity.  Now 
there  is  no  experimental  knowledge  regarding  the  value  of  the 
friction  faclor/  for  such  high  vclocilti's  in  iron  pipes,  but  judging 
from  the  table  it  is  probable  that/  may  be  about  0.015.  Using 
this  instead  of  0.02  gives  for  v  the  value  46  feet  per  second. 

The  general  equation  for  the  velocity  of  discharge  deduced  in 
Art.  93  may  be  applied  to  very  short  pifws  by  writing  /  -  3d  in 
place  of  I.  and  placing  for  hi  its  value  in  terms  of  the  coeffideot  c 

It  then  bccomcii  1 r 

v=    I ^ .  (96) 


rM 


1-34 


\l  in  this  /  equal.';  j,d.  the  velocity  is  c.  V^i*.  which  is  the  same  as 
for  the  short  cylindrical  tube.  If  I  =  i2d./=  o.oi.and  e,  =  0.8a, 
it  pves  r  =  0.774  V25A,  which  agrees  well  with  the  value  given 
by  Art.  84  for  this  case.  If  /  =  bod.  it  gives  v  =  0.613  '''^H^' 
which  is  2  [>crccnt  greater  than  the  value  given  by  .Art.  84. 

Prob.  96.  Compute  the  discharge  per  second  for  a  pipe  1  inch  in  diam- 
eter and  40  tscfaes  lung  under  a  head  a(  4  (ceL 

Art.  97.    Long  Pipes 

Fof  long  pipes  the  loss  of  head  at  entrance  becomes  very  small 
compared  with  that  lost  in  friction,  and  the  velocity-head  b  also 
small.     Formula  (93)t  for  the  mean  velocity  is 


'-^. 


5+AVd) 


k 
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in  which  the  first  term  in  the  denominator  represents  the  ef 
of  llie  vclocity-hcat!  and  the  en  trance -head,  the  mean  value  of, 
the  latter  being  0.5.     Now  it  may  safely  be  assumed  that   1.51 
may  be  neglected  in  comparison  wilh  the  other  term,  when  the  I 
error  thus  produced  in  11  is  less  than  1  iicrccnt.     Taking  for  / 
its  mean  value,  this  will  be  the  case  when 


V1.S  +  OJO2  l/d  .  I 

J      i— =ui_     whence     -  =  3750 

Vo.oj  l/d  a 


Therefore,  when  /  15  greater  than  about  4000/  the  pipe  will  be 
called  long. 

For  long  pipes  under  uniform  flow  the  velodtyis  found  from 
the  above  equation  by  dropping  1.5.  and  the  discharge  is  found 
by  multiplying  this  mean  velocity  by  the  area  of  the  cross-section. 
Hence  the  formulas  for  velocity  and  discharge  are 


I 


(t  uischarge  are  m 

-W  ,-1,^  (97),! 

asures  becomes  1 


which  for  the  English  system  of  measures  becomes 

.  =  8.0.^         9  =  6-30^^  C97)= 

From  these  expressions  for  q  the  general  and  special  formulas  for 
computing  the  diameter  of  the  pipe  for  a  given  discharge,  lengtji, 
and  head  are  found  to  be 

These  equaUons  show  that  for  very  long  pipes  the  discharge  varies 
directly  a»  the  2J  power  of  the  diameter,  and  inversely  as  tlie 
square  root  of  the  length, 

In  the  above  formulas,  d,  h,  and  I  are  to  be  taken  in  feet,  q 
in  cubic  feet  per  second,  and  /  is  to  be  found  from  Table  90*1,  an 
approximate  value  of  v  being  first  obtained  by  taking/  as  0,02. 
It  should  not  be  forgotten  that  computations  of  discharge  or 
diameter  from  these  formulas  arc  liable  to  uncertainty  on  account 
of  imperfect  knowledge  regarding  the  friction  factors.  I^specially 
when  the  velocities  arc  lower  than  one  or  higher  than  fifteen  feet 


I 
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per  second  the  results  obtained  can  be  regarded  as  rough  estimates 
only.  The  value  of  A  in  these  fonnulas  is  really  the  friction-head 
h",  since  in  their  deduction  the  other  heads,  A',  A'",  and  A"",  have 
been  neglected  as  insensible.  Hence  when  the  diameter  d,  the 
length  /,  the  total  head  A,  and  the  discharge  q  have  been  measured 
for  a  long  [Hpe  the  friction  factor/  may  be  computed.  In  this 
manner  much  of  the  data  was  obtained  from  which  Table  90a 
has  been  compiled. 

For  circular  ori6cc3  and  for  short  tubc:s  of  equal  length  under 
the  same  head,  the  discharge  varies  as  the  square  of  the  diameter. 
For  pipes  of  equal  length  under  a  given  head  the  discharges  vary 
more  rapidly  owing  to  ihe  influence  of  friction,  for  formula  (97)| 
shows  that  if/  be  constant,  q  varies  as  li^  The  relative  discharg- 
ing capacities  of  pipes  hence  vary  approximately  as  the  j^  powers 
of  their  diameters.  Thus,  if  two  pipes  of  diameters  d\  and  dj 
have  same  length  and  hc-ad.  and  if  ^i  and  q^  be  their  discharges, 

For  example,  if  there  be  two  pipes  of  6  and  ii  inches  diameter, 
dt/dt  equals  i  and  hence  q-t  =  SJ^t.  or  the  second  pipe  discharges 
nearly  six  times  as  much  as  the  first.  In  a  similar  manner  it  can 
be  shown  that  32  pijM^  of  6  inches  diameter  have  the  same  dis- 
charging capacity  as  i  pipe  24  inches  in  diameter. 

When  the  variation  in  the  friction  factor  is  taken  into  account,, 
the  formula  gives 

ft  =  9i(d./d.)*(/i//.)* 
Now  as  the  values  of/  var>'  not  only  with  the  diameter  but  wiUi 
the  velocity,  a  solution  cannot  be  made  except  in  particular  cases. 
For  the  above  example  let  the  velocity  be  about  3  feet  per  second ; 
then  from  the  tabic /■  =  0.013  <ind/t  =  0.019,  <uid  accordingly 

ft  =  j,(3)*(ii)*=6.a?i 
or  the  1 3-iDch  pipe  discharges  more  than  six  times  as  much  as  the 
6'iRch  pipe. 

pToh.  97.    Compute  the  dinmclrr  rrquirrd  to  deliver  15  000  cubic  fe 
per  hour  ihrou^  >  pipe  16  500  (eet  lunj;  under  a  haul  o(  314.7  teet. 
this  quantity  is  carried  in  two  pipes  of  c<|ual  diomvtcr,  whit  should  be  their 
si«? 
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Akt.  98.    PmzouETER  Measureuents 

Let  a  piezometer  tube  be  inserted  into  a  pipe  at  any  point  Di 
at  the  distance  h  from  the  reservoir  measured  along  the  pipe  line. 
I.ct  Ail>i  be  the  vertical  depth  of  this  point  below  the  water  level 
of  the  reservoir;  then  if  llie  flow  be  stopped  at  the  end  C,  the 
water  rises  in  the  tube  to  the  point  yl|.  But  when  the  flow  occurs, 
^  J  the  water  level  in  the  pie- 

zometer stands  at  some 
point  C'l,  and  the  pressure- 
head  at  Di  is  Ai,  or  C|D| 
in  tlie  figure.  Tlie  distance 
A^Cl  then  represents  the 
velocity-head  plus  all  the 
losses  of  head  between  Di 
and  the  reservoir.  If  no  losses  of  head  occur  except  at  entrance 
and  in  friction,  tlie  value  of  A  |Ci  then  is 


H         ^g       fi  'g 


from  which  the  piczometric  height  can  be  found  when  v  has  bewi 
determined  by  direct  measuremenl  or  by  gaging. 

For  example,  let  the  total  length  I  =  3000  feet,  rf  ■=  6  inches, 
A  =  9  feet,  and  m  =  0.5.  Then,  as  in  Art.  93,  there  is  found 
/  =  o.oi6  and  v  =  1.917  feet  per  second.  The  position  of  the 
top  of  the  piczometric  column  is  then  given  by 
//i  =(1.5  +  00520X0.05714 
and  the  height  of  that  column  above  the  pipe  is 

lH  =  A^~Bi 

Thus  if  /i  =  1000  feet.  Hi  =  3.06  feet;  and  if  /j=  2000  feet, 
//i  =  6.03  feet.  If  the  pipe  is  so  laid  that  AiDi  is  9  feet,  the  cor- 
resjjonding  pressure-heads  are  then  5.94  and  2.97  feet. 

For  a  second  piezometer  inserted  at  />i  at  the  distance  It  from 
the  entrance,  the  value  tit  is 

2g        2g      das 


I 

I 
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Subtracting  from  this  the  expression  for  //,,  there  is  found 

The  second  member  of  this  formula  is  the  head  lost  in  friction  in 
the  length  It  —  ti  (Art.  90),  and  the  first  member  is  the  di&crence] 
of  the  piiMometcr  elevations.  Thus  is  again  proved  the  principle 
of  Art.  85,  that  the  diflcrence  of  two  piezometer  clevalions  shows 
the  head  lost  in  the  pipe  between  them ;  in  An.  85  the  elevations 
Hi  and  Hi  were  measured  upward  from  the  datum  plane,  while 
here  they  have  been  measured  downward  from  the  water  level 
in  the  reservoir. 

By  the  help  of  this  principle  the  velodty  of  flow  in  a  pipe  may 
be  approximately  determined.  A  line  of  levels  is  run  between 
the  points  D,  and  D*.  which  arc  selected  so  that  no  sharp  curves 
occur  between  them,  and  thus  the  difference  Ht  ~  tl\  is  found, 
while  the  length  ^  —  fj  is  ascertained  by  careful  chaining.  'I'hen. 
from  the  above  formula, 


(98), 


from  which  r  can  be  computed  by  the  help  of  the  friction  factors 
in  Table  90a,  For  example.  Steams,  in  1880.  made  experiments 
on  a  conduit  [npe  4  feet  in  diameter  under  difTerent  velocities  of 
flow.*  In  experiment  No.  2  the  length  k  —  It  was  1747.2  feet, 
and  the  fh'fTercnce  of  the  piezometer  levels  was  1.143  t***-  As- 
suming for/  the  mean  value  o.os,  and  u^ng  32.16  feet  per  second 
per  second  for  g,  the  velocity  was 

J,  =  J^lHEIilEl  =  3^  fca  per  second. 
\      0.02X1747 

This  velon'ty  in  the  table  of  friction  factors  gives/  =  0.015  fof 
a  4-foot  pipe.  Hence,  repeating  the  computation,  there  is  found 
V  »  3.50  feet  per  second ;  it  is  accordingly  uncertain  whether  the 
value  of /is  0.015  *""  o-oi4-  If  the  latter  value  be  used,  there  is 
found  0  =  3.62  feet  per  second.  The  actual  velodty,  as  deter- 
mined by  measurement  of  the  water  over  a  weir,  was  3.738  feet 


*  TnnBctiami  American  Society  oi  Civil  Eagineen,  t885,val.  i4,p.4. 
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per  second,  which  shows  that  the  computation  b  in  error  about 

4  percent. 

In  order  tliat  accurate  results  may  be  obtained  with  piezom- 
eters it  is  necessary,  particularly  under  low  pressure-heads,  tJiat 
the  tubes  be  inserted  into  the  pipe  at  right  angles.  If  they  be 
inclined  with  or  against  the  current,  the  pressure-head  Ai  will  be 
greater  or  less  than  that  due  to  the  pressure  at  the  mouth.  L«t 
$  be  the  angle  between  the  direction  of  the  flow  and  the  inserted 
pieaometer  tube.  Since  the  impulse  in  the  direction  of  the  cur- 
rent is  projwrtional  to  the  vclodty-head  (Art.  27),  the  component 
I  of  this  in  the  direction  of  the  inserted  tube  tends  to  increase  the 

ks,        normal  pressure-height  Ai  when  6  is  less  than  90°  and  to  decrease 
I  it  when  6  is  greater  than  90'^.    Thus 

c 


Ao  =  ft]  +  «  —  cos  9 

H 

may  be  written  as  approximately  applicable  to  the  two  cases  in 

which  n  is  a  toeflicicnt 


Fig.  ysi. 


the  value  o(  which  has 
not  been  ascertained. 
In  this,  if  the  tube  be 
inserted  normal  to  the 
pipe.  8  =  90°  and  Ao  he- 
comes  A|,  the  hvigbt 
due  to  the  static  pres- 
sure in  the  pipe ;  if  11  =  o,  ihf  angle  $  has  no  effecl  upon  the 
piezometer  readings.  But  if  6  difl"er9  from  90'  by  a  small  angle, 
the  error  in  llic  re;idin{;  may  be  large  when  the  velocity  in  the 
pipe  is  high.     Fig,  986  illustrates  the  three  cases. 

The  question  as  to  the  point  from  which  the  pressure-head  should 
be  measured  deser\'es  consideration.  In  the  fig- 
ures of  preceding  articles  /;,  and  /i^  have  been  esti- 
mated upward  from  the  center  of  the  pipe,  and  it 
is  now  to  be  sliown  that  this  is  probably  correct. 
Let  Fig.  OSc  rf|)rcsent  a  craw-section  of  a  pipe  to 
which  arc  attached  three  piezometer?  as  shown.  If 
there    be    no  velocity  in    the   ttibe  or  pipe,  the 
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vr.iter  surface  elands  at  the  «ame  lovcl  in  each  pienoncter,  md 
thr  mean  [>rr4£un:-hcacl  is  crrtainly  ihc  distance  of  that  levtl  above 
the  center  of  the  cross-section.  If  the  water  in  the  pipe  be  in  motJoa, 
IHObably  the  same  would  hold  true.  Referring  lo  formula  (7S)i 
■od  to  Fig.  75a,  it  is  also  seen  that  if  there  be  no  velocity  h'  =  h^^-hf, 
which  cannot  be  true  unless  Aj  —  A,  =>  o,  since  there  can  be  no  loss 
of  head  in  the  transmisaoo  of  static  pressures ;  hence  /■.  and  A,  cannot 
be  meojiured  from  l)ie  top  of  the  section.  In  any  event,  unce  the  [ue- 
zomctcr  heights  represent  the  mean  pressures,  it  appears  that  they 
should  l>c  reckoned  upward  from  the  center  of  the  secl'on.  The  pie- 
zometer coujilings  for  Iiom^  devised  by  Freeman  are  arranged  with  con- 
nections on  the  top,  bottom,  and  sides,  as  arc  ako  those  usc<I  tor  the 
Venturi  meter  (Art,  38),  and  thus  the  results  ubt;i:ned  correspond  to 
mean  pressures  or  pressure-heads.  Even  in  casts  where  the  two  points 
of  connection  are  so  near  together  that  the  didercnce  U%  —  Bi,  am  he 
measured  by  a  diScrcntial  manometer  (Art.  37),  the  method  of  con- 
necting the  tubes  to  the  pi|xs  should  receive  careful  attention. 

Frob.  9S.    At  a  point  joo  feet  from  the  rcscrvmr,  and  i8  feet  below  fta 
surface,  a  pressure  s^jff  rends  lo.;  pounds  per  square  inch ;  at  a  point  8500J 
feet  from  the  reservoir  and  280.5  (eel  below  its  surface,  it  reads  61  pou 
per  s([uarc  inch.    If  the  pipe  is  1 1  inches  in  diameter,  compute  the  discharge. 


J 
h 


J 

'1 

•1 
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Akt.  99.    The  Hydraw-ic  Gradient 

The  hydraulic  gradient  is  a  line  which  connects  the  water 
levels  in  pic7x>mctcrs  placed  at  intervals  along  the  pipe ;  or  rather, 
it  is  the  line  to  which  tlie 
water  levels  would  rise  if 
piezometer  tubes  were  in- 
serted. In  Fig.  9Rfl  the  line 
BC  is  the  hydraulic  gradient, 
and  it  is  now  to  be  shown 
that  for  a  pipe  of  uniform 
aze  this  is  Approximately  a 
straight  line.  For  a  pipe  dischar|!^ng  freely  into  the  air,  as  in  Fig. 
98a,  this  line  joins  the  outlet  end  with  a  point  B  near  the  top  of 
the  reservoir.  For  a  pi[>e  with  submerged  discharge,  as  in  Fig, 
99a,  it  joins  the  lower  water  level  with  the  point  B. 

Let  Di  be  any  point  on  thejMpe  distant  A  from  the  reservoir, 
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measured  along  the  p\\K  line.  The  piezometer  there  placed 
rises  to  C'l,  which  is  a  point  in  the  liydraiilic  grudienl.  Tlic  equa- 
tion of  this  line  with  refercnc«  to  the  origin  A  is  given  by  the  first 
equation  of  Art.  98,  or 

ig    'dag 

ill  which  ffi  Is  the  ordinate  AiCi,  and  /j  ts  the  abscissa  AAi,  pro- 
vided lh;it  the  length  of  the  pipe  is  sensibly  equivalent  to  its 
horizontal  projection.  In  this  equation  the  first  terra  of  the 
second  member  is  constant  for  a  pven  velocity,  and  is  represented 
in  the  liguri;  by  AB  or  AiBi ;  the  second  term  varies  with  /i.  and 
is  represented  by  ^iC'i.  The  gradient  is  therefore  a  straight  line, 
subject  to  the  provision  that  the  pipe  is  laid  appro.ximatcly  hori- 
zontal ;  which  is  usually  the  case  in  practice,  since  quite  material 
vertical  variations  may  fxisl  in  long  pipes  without  sensibly 
affecting  the  horizontal  distances. 

When  the  variable  point  Di  is  taken  at  the  outlet  end  of  the 
pipe,  III  becomes  the  head  A,  and  /i  becomes  the  total  length  /, 
agreeing  with  the  formula  of  Art.  93,  if  the  losses  of  he^id  due  to 
curvature  and  valves  be  omitted.  WhenZ)|  is  taken  very  near 
the  inlet  end.  /:  becomes  zero  and  the  ordinate  H,  becomes  AB, 
which  represents  the  velodly-head  plus  the  loss  of  head  at  en- 
trance to  the  pipe. 

When  there  are  easy  horizontal  curves  in  a  pi[>e  line,  the  above 
conclusions  arc  unaffected,  except  that  the  gradient  BC  is  alwa>'s 
vertically  above  the  pipe,  and  therefore  can  be  called  straight 
only  by  courtesy,  although  as  before  the  ordinate  BiCi  is  propor- 
tional to  l\.  When  thtre  are  sharp  curves,  the  inclination  of  the 
hydraulic  gradient  becomes  greater  and  it  is  depressed  at  each 
curve  by  an  amount  equal  to  the  loss  of  head  which  there  occurs. 
When  an  obstmclion  occurs  in  a  pipe,  or  a  valve  is  partially 
closed,  there  is  a  sudden  depression  of  the  gradient  at  the  ob- 
struction or  at  the  valve. 

If  the  pipe  is  so  laid  that  a  portion  of  it  rises  above  the  hy- 
draulic gradient  as  at  Di  in  Fig.  9!)fc,  an  entire  change  of  condition 
generally  results.     If  the  pipe  is  closed  at  C,  all  the  piezometers 
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stand  in  the  line  yi.-l,  at  the  same  level  as  the  surface  of  the  rescr- 
\oir.  When  the  ^■alvc  at  C  is  opened,  the  flow  at  first  occurs 
under  normal  conditions,  A  being  the  head  and  BC  the  hydraidic 

gradient.    The  pressure-head  _t a^ 

at  Dt  is  then  ni^ative,  and 
represented  by  D\Ct.  As  a 
consequence  air  tends  to  enter 
the  pipe,  and  when  it  docs  so, 
owing  to  defective  j(«nts,  the 
continuity  of  the  flow  is 
broken,  and  then  the  pipe  from  Di  to  C  is  only  partly  filled 
•path  water.  The  hydraulic  gradient  is  then  shifted  lo  Bf)i,  the 
discharge  occurs  at  Di  under  the  head  AiDi.  while  the  remain- 
der of  the  pipe  acts  merely  as  a  channel  to  deliver  the  (low.  It 
usually  happens  that  this  change  results  in  a  great  diminution 
of  the  discharge,  so  that  it  has  been  necessary  to  dig  up  and  relay 
portions  of  a  pipe  line  which  have  been  inadvertently  run  above 
the  hydraulic  gradient.  Tliis  trouble  can  always  be  avoided  by 
preparing  a  profile  of  the  proposed  route,  drawing  the  hydraulic 
gradient  upon  it,  and  excavating  the  pipe  trench  well  below  the 
gradient.  In  cases  where  the  cost  of  this  exca\'ation  is  so  great 
that  it  is  resolved  to  lay  the  pipe  above  the  gradient,  all  the  joints 
of  the  pijx-  above  the  gradient  should  be  made  ahsolulely  tight 
so  that  no  air  can  enter  the  pipe  and  interrupt  the  flow. 

I 

When  a  large  part  of  the  pipe  Ues  above  the  hydraulic  gradient 
it  is  called  a  -siphon.  Conditions  sometimes  exist  which  require 
a  pipe  tine  to  be  laid  as  a  siphon  for  a  short  distance.  In  such 
a  case  an  air  chamber  is  sometimes  built  at  the  highest  elevation 
so  that  air  may  coiii-ct  in  it  instead  of  in  the  pipe,  and  provision 
is  made  for  recharging  the  siphon  when  the  flow  ceases  by  admit* 
ting  water  at  the  highest  elevation,  or  by  operating  a  suctloo- 
pump  placed  there,  or  by  forcing  water  into  the  pipe  by  a  pump 
located  at  a  lower  elevation.  Probably  the  largest  siphon  ever 
constructed  Is  that  laid  about  1885  at  Kansas  Gty,  Mo., 
ii  being  41  inches  in  diameter,  and  730  feet  long,  with  the  summit 
10  feet  abos'c  the  general  level  of  the  pipe  tine.    The  air  that 
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collected  at  the  summit  was  removed  by  operating  a  steam  ejec^ 
tor  for  a  few  minutes  each  day.* 

The  pressure  ht-ad  hi   at  any  point  on  the  pipe  line  distant  /| 
from  the  rcscr\'oir  may  be  expr<*setl  in  terms  of  st.itic  bnd,  com-  ' 
hined  velocity -head  and  entrance-head  k',  and  friction-head  A"  by  ' 
inspection  of  Fig.  99o;  thus, 

Ai  =AiDi-k'~h" 
Further,  from  the  similar  triangles  in  the  figure, 

A"=(A-V)(VO 

thai  is,  the  loss  in  friction  in  tlie  distance  /,  is  pro|>ortional  to  If  For 
long  pipes,  in  which  A'  is  small,  this  may  be  written  A"  •=  A(/,  /), 
or  the  friction  loss  at  any  point  on  the  pijie  line  is  proporlional  to  the 
total  head  and  to  the  distance  of  the  [>oinl  from  the  rrservoir. 

The  alxive  discussion  shows  that  it  h  immaterial  where  the  pipe 
L'nters  the  reservoir,  provided  that  it  enters  below  the  hydraulic 
Rradienl  [wint  B.  It  is  also  not  to  be  forgotten  that  the  wliolc  inves- 
tigation rests  on  the  assumption  thiil  the  lengths  /i  and  /  arc  sensibly 
e(iual  to  their  horizontal  projections, 

Prob,  90,  A  pipe  j  inrhrs  in  dinmetcr  dischnniTS  S,i3  cubic  feet  per 
hour  under  a  head  of  ij  feci.  .M  a  distance  of  joo  feet  from  the  reservoir 
the  depth  of  ihc  pipe  IxUm  the  w.ilcr  surface  in  the  reservoir  is  t-S  feeL 
Compule  the  probable  prcasurc-hcad  at  this  point. 

Art.  100.    A  Compouxd  Pipk 

A  compound  pipe  is  one  having  different  sizes  in  different 
portions  of  its  length.  The  change  from  one  length  to  another 
ebould  be  made  by  a  "reducer,"  wliich  is  a  conical  frustum  several 
feet  long,  90  that  losses  of  head  due  to  sudden  enlargement  or 
contraction  arc  avoided  (Arts.  76.  77).  Let  d,.  d,,  da,  etc.,  be  the 
diameters;  ti,  Ig,  h,  etc.,  the  corresponding  lengths,  the  totjtl 
length  being  h  +  k  +  etc.  Let  Vu  vt,  etc.,  be  the  velocities  in 
the  different  sections.  Neglecting  the  loss  of  head  at  entrance 
and  also  that  lost  in  curvature,  the  total  head  h  may  be  placed 
equal  to  the  loss  of  head  in  friction,  or 


,-/ /iPi 


^t^' 


A=/.^^+/.^^+etc. 
*  Engincctins  News,  iSqi.  vol.  i^|t.5io;  i6g),voI.  I9,pp.4>3.588. 
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Now  U  the  discharge-  per  second  be  q,  and  the  flow  be  steady 

»'i  =  ?/i  '^rfi*        ft  =  9/1  ^di',     etc. 
Substituting  these  velocities  and  solving  for  q.  gives 


q  =  \v 


js!l 


//.A:,/,A+etc. 


(100) 


in  which  the  friction  factors /1./3,  etc.,  correspoDdlng  to  the  given 
diameters  and  computed  velocities  are  found  from  Tabic  90a., 

For  example,  consider  the 
case  of  a  jupe  having  only 
two  sizes ;  let  rf  1  =  2  and 
it  =  2800  feet,  rfj  =  1.5  and 
tt  -=  2145  feet,  and  A  =  137.5 

feet.     Using  for  /,  and  /,  tlie  ^-  "^ 

mean  value,  0.01,  and  making  the  substitutions  in  the  formula, 
Ihett  is  found      ^  »  ^g  ,  (.ybic  fert  per  second 

from  which  SH  =  8.3  and  vs  =  14.8  feet  per  second 

Now  from  Table  90o  it  is  seen  thai /i  =0.015  and /j  =  0.015;  and 

repeating  the  computation, 

q  =  30.2  cubic  feet  per  second 
whence  Pi  =  9.6  and  Pj  =  17.1  feet  per  second. 
These  results  are  probably  as  definite  as  the  table  of  friction  fac- 
tors will  allow,  but  arc  to  be  regarded  as  liable  to  an  uncertainty 
of  .wcrai  percent. 

To  determine  the  diameter  of  a  pipe  which  will  give  the  same 
discharge  as  the  compound  one.  it  is  only  necessary  to  replace 
the  denominator  in  the  above  value  of  q  by ///if,  where  I  =  U  +  k 
+  etc.,  and  d  is  the  diameter  requiretl.  Taking  the  values  f-i 
/  as  equal,  this  gives       t      U       U 

Applying  this  to  the  above  example,  it  becomes 
4<)45_38oo.|.ai4S 


from  which  d 


d»         2»        i.s* 
1.68  feet,  or  about  30  inches. 
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A  compound  pipe  is  sometimes  used  to  prevent  the  hydraulic 
gradient  from  tiilling  below  the  pipe  line.  Thus,  it  is  wen  in  I^. 
ICX)  that  the  hydraulic  Rradienl  rises  ut  Z>,  and  falls  at  />»,  and  that  its 
sloiM?  over  Ihc  largw  pipe  is  less  than  over  the  .tniiiller  one.  Th«c 
slopes  iind  the  aiiiouiil  of  rise  al  f),  can  be  computed  tot  a.  given 
case.  Using  the  above  numerical  data,  the  loss  of  head  in  frictkm  for 
100  feet  of  ihc  large  pipe  is 

A"  =  0.015  S^^  =  1.07  feet, 
2    ig 

while  the  same  for  the  small  pii^e  is  4.5;  feet.  Hence  the  slope  of  the 
gradients  AC,  and  C,C'  is  more  than  four  times  as  rapid  as  that  of  the 
gradient  £1^.  In  the  larse  pipe  at  Di  the  velocily-head  is  0.01555 
X  9.6"  =  r.43  feet,  and,  supposing  that  no  loss  occurs  in  the  reducer, 
the  velocity-head  for  the  small  pipe  is  4.55  feet.  The  vertical  rise 
CiEt  of  the  hydraiilir  gradient  at  I)\  is  hence  the  rise  in  prcssurc-hcad 
4.55— 1_43  =  3.1  J  feet,  and  a  fall  of  equal  amount  occurs  at  /),. 

When  a  portion  of  a  small  pi])c  is  to  be  replaced  by  a  large  one,  it 
is  immaterial  in  what  pan  of  the  lirngth  it  is  introduced,  for  it  is  seen 
that  formula  (100)  takes  no  note  of  where  the  length  /[  is  placed  in  the 
total  distance  /.  The  Romans  knew  that  an  increa.se  in  the  diameter 
of  a  pipe  after  leaving  the  reservoir  would  increase  the  discharge,  aiKl 
the  liiw  pa.'ised  by  the  Roman  senate  about  the  year  10  B.C.  forbade  a 
consumer  to  attach  a  larger  pijn;  to  the  standard  pipe  within  go  feet 
of  the  reservoir  to  which  the  latter  was  connected.* 

Prob.  100.    At  Rochester,  NY.,  there  is  a  pipe  i«  »77  f«t  long,  of , 
which  50  Si3  (eel  is  j6  inche*  in  diameter  and  51  44y  feet  is  14  inches  in  di- 1 
ameter.     Under  a  head  of  14^.8  feet  thU  pipe  is  »aid  to  hMvcdischarRetl  in 
1876  about  14  cubic  feet  pet  second  and  in  1800  about  lo}  cubic  feel  per 
second.     Compute  the  discharge  by  (100),  and  draw  the  hydraulic  gradient. 

Art.  IOI.    A  Pipe  with  a  Nozzle 

Water  is  often  delivered  through  a  nowle  in  order  to  perform 
work  tipon  a  motor  or  for  the  purposes  of  hydraulic  mining,  the 
nozzle  being  attached  to  the  end  of  a  pipe  which  brings  the  flow 
from  a  reservoir.  In  such  a  case  it  is  desiralile  thai  the  pressure 
at  the  entrance  to  the  nozele  should  be  as  great  as  possible,  and 


\ 
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this  will  be  cJTccicd  when  the  Io!»  of  head  in  the  pipe  is  as  iimall 
as  possibk.  The  pressure  column  in  a  piezometer,  supjwsed  to 
be  inserted  at  the  end  of  the  ^  _^ 

(Mpe.  as  shown  at  C'l/Ji  in 
Fig.  101,  measures  the  pres- 
sure-head (here  acting,  and  the 
height  /I  id  measures  I  he  lost 
head  plu&-the  velocity -head, 
the  latter  being  very  small. 
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Lft  A  be  the  total  head  on  the  end  of  the  nozzle,  D  its  diameter, 
and  V  the  %'elodty  of  the  issuing  stream.  Lei  d  and  v  be  the 
corresponding  quantities  for  the  pipe,  and  /  its  length.  Then  the 
efleciive  velocity-head  of  the  issuing  stream  'n  V/iS,  and  the  lost 
head  is  h—\'^f2g.  This  lost  head  consists  of  several  parts: 
tliat  lost  at  the  entrance  D;  that  lost  in  friction  in  the  ]>ipe;  that 
lost  IB  curves  and  valves,  if  any ;  and  lastly,  that  hist  in  the  nozzle. 
Then  the  principle  of  energy  gives  the  equation 

2g  ig  d2g  2g  2g  2g 

Here  m  is  determined  by  Art.  89,  /  by  Art.  90,  jni  by  Art,  91,  wt 
by  Art.  02,  while  m'  for  the  itozsle  is  found  in  the  same  manner 
as  m  b  found  for  the  pipe,  or  in'  =  (i/c)  *  —  i .  where  c.  Is  the  co- 
cflideat  of  velocity  for  (he  nozzle  (.Art.  83).  'I'his  value  of  «' 
takes  account  of  all  1os.hcs  of  head  in  the  nozzle,  so  tluil  it  ts  un> 
necessary  to  consider  its  length;  for  a  perfect  nozzle c,  ts  unity 
and  m'  is  zero. 

The  velocities  9  and  V  are  inversely  as  the  areas  of  the  cor- 
responding cross-sections  (.\rt.  31),  since  the  flow  b  steady, 
wbeaoe  V'^t(d/D)'.  Inserting  this  in  the  above  equation  and 
solving  for  v  ^ves,  if  Mi  and  nvt  be  neglected. 
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>+nt/d)+(i/c,)*{d/Dy  ^^**^' 

for  the  velocity  in  the  pipe.    The  ^-cltKity  and  discharge  from  the 
nozzle  are  then  given  by 

V=id/D)^  q  =  \w£PV 
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and  the  velocity  head  of  the  jet  is  P/ajf.  These  cqualiom 
show  that  the  greatest  value  of  V  obtains  when  />  ts  as  small  as 
possible  compared  lo  d,  and  that  the  greatest  discharge  occu« 
when  D  is  equal  to  d.  When  the  object  of  a  nozzle  is  to  utiljK 
the  volodty-hc'id  of  a  jet,  a  large  pipe  and  a  small  nozzle  should 
be  employed.  When  the  object  is  to  utilize  the  cnerg>-  of  Ihc  jcl 
in  producing  power  by  a  water  wheel,  there  is  a  certain  relation 
between  D  and  d  that  renders  this  a  maximum  (Art.  161 ). 

As  a  numerical  example,  the  efTect  of  attaching  a  noide 
to  the  pipe  whose  discharge  was  computed  in  Arl.  94  will  be 
considered.  There  ^=1500,  d=o.35,  and  A=64  feet;  m=e-i. 
v^'Si  f<=^''  andy=o.i6  cubic  feet  per  second.  Now  let  theniBiIe 
be  one  inch  in  diameter  at  the  small  end,  or  0=0.0833  feet,  and 
let  its  coefficient  c,  be  0,98.  Here  d/D=^,  and  for /=ao23 
the  velocity  in  the  pijK  is 


'  =  >£; 


_2X  32.16X^4 


.5  +  0.023  X  1500X4  + 1. 041  X81 

or  11  =  4.2  feel  per  second.  The  effect  of  the  nozzle,  thcretoTe. 
is  to  reduce  the  velocity  in  the  pipe.  TTie  velodty  of  the  j<* 
at  the  end  ot  the  nozzle  is,  however, 

V  =  vid/D)*  =  37.8  feet  per  second, 

and  the  discharge  per  second  from  the  nozzle  is 

q  =  l  ■"■[yv  =  0.306  cubic  (ect 

which  is  about  jo  percent  less  than  that  of  the  pipe  before  t 
nozzle  was  attached.    The  nozzle,  however,  produces  a  marv 
ous  effect  in  increadng  the  energj'  of  the  discharge ;  for  the  velc*^"' 
ity-hcad  corresponding  to  5.J  feet  per  second  is  only  0.44  fee*(__ 
while  that  corresponding  to  37.8  feet  per  second  is  22.2  feet,  0*^ 
about  so  times  as  great.     .\s  the  total  head  is  64  feet,  the  eflidency 
of  the  pipe  and  nozzle  Is  about  35  percent. 

If  the  pressure-head  Ai  at  the  entrance  of  the  nozzle  be  observed, 
cither  by  a  piezometer  tulie  or  by  a  pressure  Bagc,  the  velodty  of  di»- 
charge  from  the  nozzle  can  be  computed  by  the  formula 
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the  dcmoRStntUon  of  which  is  given  in  Art.  83.  This  can  t>e  used  nhcn 
a  hose  and  nozzU-  ts  attached  at  any  imint  of  a  pipe  or  at  a  hydrant. 
It  can  also  be  used  lo  compute  A,  when  I'  has  l)cen  found.  Thus,  for 
the  ahm-e  examijle, 

which  shows  that  the  loss  of  head  in  the  noKzle  is  about  0.6  feet.  The 
lo(s»of  head  at  enliTuice,  for  this  case,  is  about  o.^fcct,  and  the  loss  of 
head  in  friction  in  the  pipe  is  41.0  feet. 

Prob.  101.  A  pipe  I J  inches  in  dittmctcr  and  4310  feet  long  leads  from 
a  reaervoir  lo  a  gravel  bank  aKalast  irhidi  water  is  delivered  irum  u  noule 
3  indies  in  diameter.  The  head  on  the  end  of  the  nozzle  i&  .)  jo  feet  and  the 
CocHJcicnt  o(  velocity  of  the  noazle  is  0.97.  Compute  the  velocity  In  the 
pipe,  the  vdodly-hcad  of  the  jet,  and  the  duchargc. 


Art.  102.    Hol-se-service  Pipes 


r  A  service  pipe  which  runs  from  a  street  main  to  a  bouse  Is 
connected  to  the  former  at  riRht  angles,  and  usually  by  a  corpo- 
ration tock  or  by  a  "ferrule."  'I"hc  loss  of  head  at  entruoce 
in  such  cases  i.s  hence  larfrvr 
than  in  tliosc  before  discussed, 
and  IK  should  probably  be  taken 
•sat  least  equal  to  unity.  The 
pipe,  if  of  lead,  is  frequently 
carried  around  sharp  corner*  by 
curves  of  small  radius;  if  of 
ipoo.  these  curves  are  forme<l  by 
fMcccs  forming  a  quadrant  of  a 
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circle  into  which  the  straight  parts  are  .screwed,  the  radius  of 
the  center  line  of  the  curve  being  but  little  larger  than  the  radius 
of  the  pipe,  so  that  each  curve  causes  a  loss  of  head  equal 
nearly  to  double  the  velocily-head  (Art.  91).  For  new  iron 
pipes  the  loss  of  head  due  to  friction  may  be  estimated  by  the 
niles  of  Art.  90  or  by  Table  90fr. 

A  water  main  should  be  .so  designed  that  a  certain  minimtim 
pressure-head  h\  exists  in  it  at  limes  of  hea%'iest  draft.  This 
prGssurc-hcad  may  be  represented   by  the   height  of  the  pie- 
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zometer  column  AB,  which  would  rise  in  a  tube  supposed  tO' 
inserted  in  the  main,  as  in  Fig.  102a.    The  head  A  which  cam 
the  Qow  in  the  pipe  is  then  the  difference  in  level  between  the  top 
of  this  column  and  the  end  of  llie  pijw,  or  AC.    Inserting  for 
A  this  value,  ihc  fornuilas  of  Arts.  94  and  9'i  may  be  applicfl  to  the 
investigation  of  serviie  pipes  in   the  manner  there  illustrated. 
As  the  sizes  of  common  housc-ser\'icc  pipes  are  regul-itcd  by  ■ 
the  practice  of  the  plumbers  and  by  the  market  sizes   obtain- 
able, it  i.i  not  often  ncccssar>'  to  maicc  computations  regarding 
the  flow  of  water  through  them. 

The  velocity  of  flow  in  the  main  has  no  direct  influence 
upon  that  in  the  pipe,  since  the  connection  is  made  at  right  angles. 
But  as  that  velocity  varies,  owing  to  the  varying  draft  upon  the 
main,  the  effective  head  h  is  subject  to  continual  fluctuations. 
When  there  is  no  flow  in  the  main,  the  piezometer  column  rises 
until  its  top  is  on  the  same  level  as  the  surface  of  the  reservoir; 
in  limes  of  great  draft  it  may  sink  below  C,  so  that  no  water  can 
be  drawn  from  the  service  pipe. 

The  detection  and  prevention  of  the  waste  of  water  by  con- 
sumers is  a  matter  of  importance  in  dtics  where  the  supply  ii 
limited  and  where  meters  are  not  in  use.  Of  the  many  methods 
devised  to  delect  this  waste,  one  by  the  use  of  piezometers  may 
be  noticed,  by  which  an  inspector  without  entering  a  house  may 
ascertain  whether  water  is  being  drawn  within,  and  the  approxi- 
mate amount  per  second.  Let  .\f  be  the  street  main  from  which 
a  service  pijie  MOII  runs  to  a  house  H.  At  the  edge  of  the  side- 
walk a  ti'be  OP  is  connected  to  the  service  pipe,  which  has  a  three- 
way  cock  at  O,  which  can  be  turned  from 
above.  The  inspector,  passing  on  his  rounds 
in  the  nighl-time.  attaches  a  prcs.sure  gage 
at  P  and  turns  the  cock  0  so  as  (o  shut  off 
the  water  from  the  house  and  allow  the  full 
pressure  of  the  main  ^i  to  be  registered. 
Then  he  turns  the  cock  so  that  the  water  may  flow  into  the 
house,  while  it  also  rises  in  OP  and  registers  Uie  pressure  pj. 
Then  if  pi  is  less  than  pi,  it  is  certain  that  waste  is  occurring 
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within  th«  hou^e.  and  the  amount  of  this  may  be  approximately 
computed  and  the  consumer  be  notilied  accordingly. 

The  pitometer,  which  consists  of  a  ratal  Pitot  tube  (Art. 
41),  facing  the  current  in  the  pipe,  with  a  differential  gage  (Art. 
37)  to  determine  the  pressure-head  flue  to  the  current,  is  also  used 
for  the  measurement  of  the  How  in  water  mains  and  for  the  detec- 
tion of  water  waste,  A  photographic  record  of  the  difference  in 
height  of  the  columns  of  li(|uid  in  the  gage  tube  is  kept,  and  this 
shows  the  discharge  through  the  water  main  at  any  instant, 
as  also  all  fluctuations  in  the  flow,*    (See  Art.  3S.) 

When  the  pressure  hi  (lie  street  main  is  %'ery  high,  a  pressure 
regulator  may  be  placed  between  the  main  and  the  house  in  order 
to  reduce  the  pressure  and  thus  allow  lighter  pipes  to  be  used  in 
the  house.  Fig,  l(Gc  shows  the  principle  of  its  action,  where 
A  represents  the  pipe  from  the  mjun 
and  B  the  pipe  Iwiding  to  the  house. 
A  weight  W  is  placed  upon  a  piston 
which  covers  the  opening  into  the 
chamber  C  This  weight  and  that  of 
the  piston  arc  sufficient  to  overcome  a  ^ 
ceruin  unit -pressure  in  C,  and  therefore 
the  unit-pressure  in  0  is  less  than  that 
in  ^  by  that  amount.  For  example,  suppose  the  pressure  in  A 
to  be  too  pounds  per  square  inch,  and  let  it  be  required  that 
the  pressure  in  B  shall  not  rise  above  6o  pounds  per  square 
inch;  then  the  piston  must  be  so  weighted  that  It  may  exert  on 
the  water  in  C  a  pressure  of  40  pounds  per  square  inch.  When 
water  is  drawn  out  an>-wherc  along  the  pijie  B.  the  pressure  in 
the  chamber  above  the  piston  falls  below  60  pounds  per  square 
inch,  and  hence  the  piston  rises  and  water  flows  from  A  into  B 
until  the  pressure  is  restored.  Instead  of  a  waght,  a  spring  b 
generally  used,  or  sometimes  a  weighted  lever. 

Large-sized  pressure  regulators  are  also  used  to  control  ant) 
maintain  a  constant  presstire  in  distributing  mains  in  cases  where 
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a  low  service  lex-el  is  fed  from  one  of  higher  pressure,  or  in  situa- 
tions where  it  is  desired  to  maintain  a  pressure  which  shall  not 
exceed  a  fixed  maximum. 

Prob,  102.  In  fig.  1026  let  thi-  hou»c  pipe  be  one  inch  in  diameter  and 
the  pressure  al  the  gage  be  34  pounds  per  square  Inch  when  there  U  no  flow. 
Ilie  dixtunce  from  ibe  ma.iii  lo  the  gage  is  16  feci  ami  frum  the  {piKe  to  the 
end  of  the  pipe  is  20  feet.  At  the  end  of  ihe  pipe,  which  is  $  feet  higher  than 
the  gage,  1.1  galloniof  water  arc  drawn  pec  minute.  Compule  the  pr 
at  the  gacc 

Art.  103.    Operating  and  Reguiating  Devices 

In  the  operation  of  nearly  every  water  works  system  certain 
special  apparatus  is  employed  in  order  to  maintain  nearly  con- 
stant conditions  within  the  system  and  under  the  variable 
draft  to  which  it  is  subjected.  Those  forms  of  apparatus  arc 
designed  to  operate  automatically  and  so  to  do  away  with  hand 
regulation.  Many  of  these  are  designed,  as  described  under 
meters  in  Arl.38,  lo  trace  on  a  cliart  a  continuous  autographic 
record  of  the  pressure,  of  the  water  level,  or  of  the  discharge. 
Among  these  are  pressure  gages  (Arl.36),  water  stage  registers 
(Art.  34),  and  rate  of  flow  gages  (Art.  38). 

Air  valves  arc  attached  to  water  mains  in  situations  where 
air  is  likely  to  accumulate  within  the  pipe  and  by  its  presence  in- 
terfere with  the  flow  of  the  water  or  be  carried  along  within  the 
pipe  and  produce  dangcrou.i  water  hammer.  Valves  of  this  type 
permit  the  ;iir  within  the  pipe  to  escape,  but  automat  lea  I  ly  close 
and  prevent  the  passage  of  water.  They  arc  also  placed  on  all 
of  the  principil  summits  of  riveted  steel  and  other  pipes  so  as  to 
admit  air  into  the  pipe  in  case  of  a  sudden  break  and  thus  pre- 
vent its  collapse  under  external  atmuspheric  pressure.  In  the 
case  of  cast-iron  pipes,  on  account  of  the  strength  of  their  shells, 
this  precaution  is  not  usually  necessary.  The  principle  of  the 
operation  of  the  air  valve  is  simply  that  of  a  float  placed  in  a  cham- 
ber above  and  connected  with  the  pipe  from  which  the  air  is  lo  be 
removed.  When  air  accumulates  in  the  pipe,  it  passes  up  into 
the  chamber;  the  float  falls,  and  in  falling,  by  means  of  a  lever, 
operates  and  opens  a  valve.      The  air  then  escapes  under  the 
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of  the  water  untJI  the  float  again  rises  and  causes  the 
valv-c  to  cloisc. 

Pressure  regulators  operating  on  the  pruiciplc  described  in 
An.  102  arc  employed  for  the  purposf  of  controlling  and  maintain- 
ing a  constant  pressure  in  distributing  systems  in  situations  where 
a  low  service  level  is  fed  from  one  of  higher  pressure.  They 
may  also  be  used  to  regulate  the  flow  between  reservoirs  situated 
ai  different  elevations.  In  the  larger  sized  regulators  the  valve 
which  controls  the  flow  is  operated  by  a  pair  of  differential  pistons 
connecting  with  a  chamber,  the  pressure  in  which  is  caused  to 
vary  with  fluctuations  in  pressure  on  the  two  sides  of  the  regu- 
lator. The  variations  in  pressure  within  this  chamber  arc  in- 
tensified by  two  smuli-sized  regulators  which  connect  directly 
to  the  high  and  low  pressure  sides  of  the  large  regulator.  That 
on  the  upstream  side  of  Ihe  main  regulator  is  designed  to  close 
under  an  increase  in  pressure,  \vhile  that  on  the  downstream  side 
will  tend  to  open  as  the  pressure  rises.  The  effect  of  any  dif- 
ference in  pressure  on  the  two  sides  of  the  main  regulator  is  there- 
fore promptly  reflected  in  the  pressure  witliin  the  chamber.  ;md 
the  differential  pistons  at  once  move  to  open  or  close  the  regu- 
lating valve  in  the  elTorl  to  maintain  within  the  pipe  ihi.-  p:c- 
doterrained  consuint  pressure  at  which  the  apparatus  Ihls  Ix-cn 
set.  A  sixteen-inch  regulator  of  this  type  will  control  the  pres- 
sure within  narrow  limits  and  pass  through  it,  as  may  be  necessary 
to  accomplish  this  purpose,  quantities  up  to  loor  13  millions  of 
gallons  per  day. 

Relief  valves  for  the  puri)osc  of  preventing  the  pressure  within 
a  pi|>e  from  rising  above  some  predetermined  limit,  either  on  ac- 
count of  a  sudden  falling  off  of  the  <iraft  or  by  water  hammer,  arc 
also  made  to  openite  on  the  principle  described  in  Art.  102,  but 
in  the  reverse  direction.  The  regulating  valve  described  in 
the  preceding  p;inigraph  may  also  be  adapted  for  this  use  by 
simfJy  making  the  necessary  adjustments  of  the  small  regulators. 

In  certain  situations  and  principally  in  connt-ction  with  the  o[>cr- 
Btion  of  filtration  plants  tl  is  desirable  that  the  flow  within  a  pipe 
shall  be  maintained  at  a  constant  rate.    Tbb  may  be  accomplished 
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by  pcnnitling  ihc  water  to  pass  into  an  open  chamber,  from  whkh  it 
flows  over  aod  throuKb  a  circular  weir  supported  on  floats.  As  the 
wiiter  ris«i  in  llie  chiimber  the  wrir  also  rises,  and  u  constant  rrUtion 
is  thus  obtained  between  the  height  of  the  water  and  that  of  the  weir 
crc»t.  In  onler  to  limit  the  necesaary  height  of  the  cliumb«r  the  float 
may  be  made  to  operate  a  butterfly  valve  on  theiniet  pipe,  w)  that  when 
the  float  rises  the  valve  will  partly  close  and  thus  diminbh  ihe  <)u»(iiity 
of  water  entering  the  chamber.  ConvcT»:]y  as  the  float  falls  the 
valv-e  is  opened  and  more  water  permitted  to  enter.  In  ndlher  of 
these  two  casts  can  the  flow  in  the  outlet  pii>e  exceed  the  predeter- 
mined capacity  of  the  circular  weir.  Another  form  of  the  rale  of  flow 
controller  is  that  in  which  a  balanced  valve  a  operated  by  the  differ- 
ences in  pressure  at  the  throat  and  downstream  end  of  a  Vcnturi 
lube  inserted  in  the  line.  This  valve  will  open  or  close  as  the  quantity 
of  ftTiter  decreases  or  increasts  below  or  above  some  fixed  quantity. 
In  this  manner  a  smaller  or  greater  loss  of  head  is  automatically 
introduced  into  the  syttem,  and  since  the  dischaT;ge  is  proportional 
to  the  square  root  of  the  effective  head,  the  mechanism  operates  in 
»uch  a  manner  as  to  maintain  a  constant  flow. 

For  detcrmiQing  the  discharge  or  rate  of  flow  within  a  pipe  at 
any  instant  either  a  Vcnturi  metur  or  a  Pitot  tube  with  the  neces- 
sary connections  may  be  used,  as  described  in  ArU^.  38  and  41. 

Loss  o(  head  gages  are  used  in  cases  where  it  is  desired  to  indicate 
at  one  place  the  loss  of  head  which  occurs  between  two  |x>ints  on  a 
system.  The  most  usual  applic.ition  is  in  the  case  of  a  filter  bed 
where  the  loss  of  head  is  constantly  varying  on  account  of  the  cloKxinjt 
of  the  filter  surface.  In  this  situai'on  a  Iok»  of  head  gage  indicates 
at  once  whether  or  not  a  filter  should  be  put  out  of  service  and  cleaned. 
A  f^age  for  this  service  con»sts  of  a  float  in  each  of  two  chambers, 
the  chamlKrs  lieing  connected  with  the  pipe  or  filter  system  at  the 
iroints  between  which  it  is  desired  to  measure  the  difference  or  loss  of 
head.  One  of  llie  llaiw  is  connected  by  meims  of  a  wire  to  a  hori- 
zontal axis  which  carries  a  pointer,  while  the  other  is  connected  to 
another  horizontal  axis  which  carrie:^^  Ihe  dial  on  which  Ihe  [winter 
indicates.  The  two  horizontal  axes  arc  concident,  and  the  reading  of 
the  pointer  indicates  the  loss  of  head.  If  the  water  in  both  of  the  eham- 
ben  rises  or  falls  an  equal  amount,  the  pointer  will  still  indicate  the 
same  loss  of  head,  as  the  directions  of  rotation  of  the  pointer  and  dial 
are  the  same.    In  order  to  avoid  a  movable  dial  other  forms  of  this 
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appamtusarr  urr<uigod  by  thi'  introduction  of  a  dilTcri-ntial  mvchaiiism, 
so  that  the  loss  of  head  is  directly  indicated  by  the  pointer  on  a  3ta- 
ttonaiy  dial. 

Valve,  for  maintaining  a  constant  level  in  a  lank  or  rescr\'oir  are 
usually  con&tru<.'ted,  for  sniall  sixes,  of  a  ball  Hual  o|Krating  a  cock 
as  it  rises  and  falls  by  means  of  a  system  of  levers.  On  larger  work 
an  ordinary  gate  valve  oj>craIed  I)y  a  by<Irautic  cylinder  and  [>i.sIon 
may  be  used.  A  float  cither  on  the  vnter  surface  itself  or  on  the  sur- 
face of  mercury  in  a  vc>scl  conncctin;;  with  the  water  ojierates  a  sniall 
three-way  valve  which  admits  the  water  cither  above  or  below  the  pis- 
ton of  the  hydraulic  valve  and  so  cither  closes  or  opens  it  as  the  water 
level  ris«  abow  or  falls  Iwlow  a  fixed  elevation.  In  order  to  prevent 
such  valves  from  closing  too  rapidly  an<l  thus  inducing  water  hammer, 
the  ports  of  the  three-way  valve  may  be  made  quite  *mal!  ko  as  to 
cause  the  water  to  pass  wry  slowly  into  the  o[>crating  cylinder  or  else 
another  piston  may  tie  introiluced  into  the  system  and  fo  arran^^ 
that  the  water  behind  it  is  permitted  to  escape  through  an  ori6cc  the 
si2c  of  which  can  be  nrguliited.  By  this  meims  the  time  of  clofting  can 
be  very  nicely  adjusted. 

All  automatic  dcWccs  arc  more  or  le^  likely  to  get  out  of  order. 
Tlib  is  simply  due  to  the  inherent  difficulty  in  attaining  perfection 
ID  any  devjcc,  fn  order  that  they  may  iit  all  time.*  retain  [heir  ad- 
fustment  and  properly  perform  the  functions  for  which  they  have  been 
designed  ihey  must  be  freqiienliy  in-KiKxtecl  and  always  kept  in  good 
condition  and  repair.  The  selection  of  any  particular  form  of  regu- 
lating, control,  or  recording  device  will  depend  \i\Mn  the  conditions 
under  which  it  is  to  operate  and  upon  the  past  performance  of  the 
mechanism  a->  atle<ted  by  tlie  e:c|>erience  of  those  who  have  uited  it. 

Prab.  103.  Ktake  a  sketcb  showinft  the  arningcmcnt  above  described 
(ui  mainUiaing  a  oonstaiii  level  in  a  tank  by  means  o(  a  gate  valve  operated 
by  a  h>~'Iraulic  cylinder.  Show  also  ihr  arrangement  of  the  dain()ening 
piston  tot  preventing  too  rapid  closing  of  the  valve. 

Art.  104.    Water  Mains  in  Towns 

ic  simplcsl  case  of  ihc  distribution  of  water  ts  that  where 
a  single  main  is  lapped  by  a  number  of  5cr%'icc  pipes  near  its  end, 
Bs  shown  in  Fig.  104.  In  designing  such  a  main  the  principal 
consideration  is  that  it  should  be  large  enough  so  that  the  prcs- 
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Fig.  10*. 


sure-head  Ai,  when  all  the  pi[>cs  arc  in  (ir;ifl.  shall  be  amply  su 
cient  to  deliver  ihc  water  iiilo  the  highest  houses  ulwig  ibe  line."' 

It  is  generally  recommended  thai 
this  pressure-head  in  commercial  and 
manufuclufing  districts  should  not 
be  less  than  150  feet,  and  in  sub- 
urban districts  not  less  than  100  feci. 
The  height  11  to  the  surface  of  the 
water  in  the  reservoir  will  alwa>'s  be 
greater  than  Ai,  and  the  pipe  is  to 
Ix;  so  designed  that  the  losses  of  head  may  not  reduce  h\  below 
the  limit  assigned.  The  head  A  to  be  used  in  the  formulas  is 
the  difference  U  —  h,.  The  discharge  per  second  q  bcins  known 
or  assumed,  the  problem  is  to  determine  the  proper  diameter  d 
of  the  water  main. 

A  strict  theoretical  solution  of  even  this  simple  case  leads  to 
very  complicated  calculations,  and  in  fact  cannot  be  made  with- 
out knowing  all  the  circumstances  regarding  each  of  ihc  service 
pipes.  Considering  that  the  result  of  the  compulation  is  merely 
to  enable  one  of  the  market  sizes  lo  be  selected,  it  is  plain  that 
great  precision  cannot  be  expected,  and  that  approximate  methods 
may  be  used  to  give  a  solution  entirely  satisfactory.  Il  will  then 
be  assumed  that  the  service  pipes  arc  connected  with  the  main 
at  equal  intervals,  and  that  the  discharge  through  each  is  the  same 
under  maximum  draft.  The  velocity  v  in  the  main  then  decreases  ■ 
and  becomes  o  at  the  dead  end.  The  loss  of  head  per  linear  foot 
in  the  length  U  (Fig.  104)  is  lience  less  than  in  /,  To  determine  ^ 
the  total  loss  of  head  in  the  length  /|,  let  t>i  be  the  velocity  at  a  I 


I 


distance  x  from  the  dead  end ;   then  n 
head  in  friction  in  the  length  hx  is 


V  ■  x/li  and  the  loss  of 


&h" 


and  hence  between  the  limits  o  and  /g  that  loss  of  head  is 
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provided  that  /  remains  constant.  This  is  really  not  the  case,  but 
no  material  error  b  thus  introduced,  since /must  be  taken  larger 
than  the  tabular  values  in  order  to  allow  for  the  ticlerioration  of 
the  inner  surface  of  the  main.  The  loss  of  head  in  friction  for 
a  pipe  which  discharges  uniformly  along  ils  length  may  therefore 
be  taken  at  one-third  of  that  which  occurs  when  the  dbcharge , 
is  entirely  at  the  end. 

Now  neglecting  the  loss  of  head  at  entrance  and  the  effective 
velocity -head  of  the  discharge,  the  total  head  h  \s  entirely  con- 
sumed in  fnction,  or 

^  'dig    'yl2g 

t    Placing  in  this  for  v  its  value  in  terms  of  the  total  discharge  y 
t    and  the  diameter  o/  the  pijw,  and  soK'ing  for  d,  gives 


^="+»«i?^; 


This  is  the  same  as  the  formula  of  Art.  97,  except  that  /  has  been 
replace  by  /  +  ^t.    The  diameter  in  feet  then  is 


rf  =  o.479C/  + 


.,,.(/?)' 


when  A  and  I  are  in  feet  and  q  in  cubic  feet  per  second. 

For  example,  consider  a  village  consisting  of  a  single  street 
with  length  A  =  3000  feet,  and  upon  which  there  are  100  bouses, 
each  furnished  nHth  a  service  pipe.  The  probable  population 
is  then  500,  and  taking  too  gallons  per  day  as  the  consumption 
per  capiL-i,  this  gives  for  the  a\'eragc  di.schargc  per  second  along 
the  length  li 

.  — 500  X  too       ^  ^^^^.^  J 

"     7.48X3600X14  ' 

and  since  the  maximum  draft  is  often  double  of  the  average, 
q  will  be  taken  as  0.15  cubic  feel  per  second.  The  length  /  to 
the  reservoir  is  4290  feet,  whose  surface  is  90.5  feet  above  the  dead 
end  of  the  main,  and  it  is  required  that  under  full  draft  the  pres- 
sure-head io  the  main  shall  be  75  feet.    Then  A  =  90,5  —  75  " 
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15.5  feet,  aiid  taking/  =  0.03  in  order  to  be  on  the  safe  side,  ibP 
formula  gives  ^  ,  ^^^^  feel  =  4.3  inches. 

Accordingly  a  four-inch  pipe  is  nearly  largt  enough  to  satisfy 
the  imposed  conditions. 

To  consider  the  effect  of  fire  service  upon  the  diameter  of 
the  main,  let  there  be  four  hydrants  placed  at  equal  intervals 
along  thf  lini-  It.  each  of  which  is  required  to  ddivcr  ao  cubic 
feet  per  minute  under  the  same  pressure-head  of  75  feet.  This 
gives  a  discliarge  1.33  cubic  feet  per  second,  or.  in  total,  q  =  1.33 
+  0.15=  1.5  cubic  feet.  Inserting  this  in  the  formula,  aodi 
using  for/  ihe  same  value  as  before, 

d  =  0.897  fc^  =  '<>-8  inches. 

Hence  a  ten-inch  pipe  is  at  least  required  to  maintain  Ihe  required] 
pressure  when  the  four  hydrants  are  in  full  tlruft  at  llic  same  time] 
wilh  the  scr\icc  pijws. 

Proli.  104.     CompulK  thr  vi-locity  v  aru\  ihc  |>a-9SUTe-heBd  At  for  Uw 
above  ciam pic.  if  the  main  is  8  inches  in  dUmclcrand  the  dlsdiorgcbc  i.j_ 
cubic  feet  per  second.     ALki  when  ihc  main  w  11  incKc*  in  diiundcr. 

Art,  105.     Branches  and  Diveksions 

In  Fig.  105(2  is  shown  a  main  of  length  /  and  diameter  d,  con 
nected  with  a  storage  reservoir,  which  has  two  branches  wi 

lengths  /i  and  ^,   aii' 


-^  diameters  t/i  and  dt' 
I  leading  to  two  smaller 
^  distributing  rcservmrs. 
~— .  These  data  being  given, 
as  also  the  heads  //t 
and  /7j  under  which 
the  flow  occurs,  it  is  rcf|uiretl  tn  find  llie  discharges  ^i  and  ^j. 
Let  c,  tfi,  and  v^  be  ihc  cunx.'S]H)nding  velocities;  then  for  long 
pipe-s,  in  whiih  all  losses  except  those  due  to  friction  may  be] 
neglected,  the  friction-heads  for  the  two  branches  are 


Fig   105<i. 


ot—y-Ji-. — 
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""^n;  y  is  (he  difterence  in  level  between  the  reservoir  surface 
"id  the  surface  of  the  water  in  a  piezometer  tube  supposed  to  be 
"licrtcd  at  the  junction.  Thi.s  y  is  the  frictioii-hcad  consumed  in 
theilow  in  the  hirgc  main,  and  hence  from  formula  (90)  its  value  is 

lascrting  this  in  the  two  equations,  and  placing  for  the  velocities 
their  values  in  terms  of  the  discharges,  they  become 


2e^ 


ffi 


I 


■/7.(?.  +  ft)'+/.^V.' 


d'- 


from  which  the  \'alucs  of  q\  and  ^j  are  best  obtained  by  trial. 

When  it  is  required  to  determine  the  diametert!  from  the  given 
lengths,  heads,  and  discharges,  there  arc  three  unknown  (juan- 
tilics.  d.  d,.J'.  to  be  found  from  only  two  equations,  and  Llie  prob- 
lem is  indeterminate.  If,  however,  d  be  assumed,  values  of  di 
and  dt  may  be  found ;  and  as  d  may  be  taken  at  pleasure,  it  ap- 
pears that  an  infinite  number  of  solutions  is  possible.  Another 
way  is  to  assume  a  value  of  y,  corrcsjjonding  to  a  proper  pressure- 
head  at  the  junction ;  then  the  diameters  arc  directly  found  from 
formula  (97)i  for  long  pipes,  in  which  k  is  replaced  by  y  for  the 
large  main,  and  by  //|  —  y  and  Hj  ~  y  for  the  two  branches. 

Wlien  two  reservoirs,  Ai  and  At,  arc  at  a  higher  clc\'ation  than 
a  third  one  into  which  they  are  to  deliver  water  by  pipes  of  length 
It  and  /j.  both  of  which  connect  with  a  third  pipe  of  length  /  which 
leads  to  the  third  reservoir,  the  above  formulas  also  appK'.  In 
this  case  Hi  and  ffj  are  the  heights  of  the  water  levels  in  the  reser- 
voirs A I  and  At  above  that  in  the  third  reservoir. 

When  the  principal  main  of  a  water-supply  system  enters 
a  town,  it  divides  into  branches  which  deUver  the  water  to  different 
districts,  and  when  such  branches  connect  again  with  the  princi- 
pal main,  they  form  what  may  be  called  "diversions."  Figure 
1056  shows  a  simple  case.  A  being  the  reser\oir  and  AB  the  prin- 
cipal main,  while  the  pipe  lines  BCE  and  BDH  form  two  routes 
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or  diversions  through  which  water  can  flow  to  F.  L«l  ihe  m»in 
Ali  have  thp  length  /  and  the  diameter  d,  the  line  BCE  the  tcn)!tb 
h  and  the  (liamcier  il,,  the-  line  BDE  the  length  /i  and  Uie  diameter 
dt.  while  the  line  EF  has  the  length  l»  and  the  diameter  </».  S: 
posL-  that  no  water  is  drawn  from  the  pipes  except  at  F  and  i 
yond,  that  the  prcssurc-hcad  /'/  at  F  is  Aj,  and  that  the  static 
head  Ffi  on  F  is  A,  and  let  it  be  required  to  find  the  velocity  and 
discharge  for  each  of  the  pipes.  The  total  head  IJ  lost  in  friction 
is  A  -  Aj.  and  if  W,  Wi.  Wt.  and  W'l  represent  the  weights  of  water. 


ft. 

.  -  ?._     -4- 

'^-^ 

;;:^- — I* 

I        t 

B 

-~~,o 

'-'J 4' 

H                     f 

'"Hi 

-\      C 

1 

Fig.  losb. 

that  pass  any  sections  of  the  four  pipes  per  second,  the  theorem 
of  energy,  neglecting  the  entrance  head  at  A  and  the  velodty-head 
at  /■',  gives 

dsg         "  diig  dt2g  diig 

Now  referring  to  the  figure  where  piezometers  arc  shown  on  the 
profile  at  B  and  E  it  is  seen  that  the  loss  of  head  in  friction  is  the 
siune  for  the  diversions  BCE  and  BDE;  accordingly  there  must 
exist  the  condition  ,  _  -  ,  _  - 

diig         di  3g 

and  since  W  equals  Wi  +  ICj  and  also  equals  Wt,  tlit  abCNt 
energy  equation  reduces  to  the  simple  form 


B 


d  2S  d,  3g  dt  2g 


The  values  of  i^t  and  i*,  in  terms  of »  are  now  to  be  inserted  in  this 
equation  in  order  to  determine  v.    From  the  conditions  of  con- 


;d   Diversion 

luity  of  flow  and  that  of  equality  of  friction-head  in  the  diver- 
'^ons,  are  found  three  equations, 

and  accordingly,  if  the  s()uare  roots  of  the  quantities /i/i/di  and 
Jtli  dj  bf  called  d  and  ci  for  the  sake  of  abbreviation, 


Pi 


t^' 


<Wi*  +  eidj- 
The  above  formula  for  //  then  reduces  to 


Pi  = 


Cidx^+fldi" 


f     '^"ifi^''kA 


Af^i'  +  eA^J  """-^'rfsl 


(ram  which  v  can  be  compulnd.     Then  vi,  iPj,  and  vt  may  be  found, 
Uslso  the  discharges  q.  qi.  q-j.  and  qs. 

As  a  numerical  example,  let  /  =  lo  ooo,  h  =  2300,  li  =  i8oo, 

h  =  1200  feet,  and  d  =  12,  di  =  H.  di  =  10,  di  =  10  inches;   let 

/■  be  184  feet  below  the  waler  level  in  the  reservoir  and  let  the 

reqiured  pressure-head  at  /■'  be  155  feet,  so  that  IJ  =  2g  feet. 

Tiaklng  for  the  friction  factors  the  mean  value  0.02  (Art.  90).  the 

vsibe  ot/l/d  is  200,  that  offili/d,  is  66,  that  of /j/j  'rfi  is  67.1,  and 

tfoat  of /j/,,V»  is  38.&.     Tlic  value  ufc,  is  then  8.12  and  thai  of  o  is 

S.  30,  while  d/dt  h  1.2.     IiLscrting  these  in  the  last  formula,  there 

*^  found  V  =  2^5  feci   per  second;    then  vi  =  2.16.  Vi  =  3.14, 

**-«id  r,  =  3-53  feet  per  second.    As  a  check  on  these  results  the 

*  «nction-heads  for  the  four  pipes  may  be  computed,  and  these  are 

^cjund  to  be  18.6  feet  for  /,  4.8  feet  for  /i  and  l-t.  and  5.5  feet  for  U ; 

^le  sum  of  these  is  18.9  fwt,  which  is  a  suflieiently  close  agreement 

"Vith  the  given  29.0  feet  for  a  preliminary  computation.    The  dis- 

Krharges  arc  ^  =  9a  "  1-93.  9i  =  0.75.  jj  =  i.rS  cubic  feet  per 

second,  and  the  sum  of  ^i  and  ^  equals  q.  as  should  be  the  case. 

The  compulation  may  now  be  repeated,   if  thought  necessary, 

the  above  velocities  being  used  to   take  better  values  of   the 

friction  factors  from  Table  90a, 

There  arc  marked  analogies  between  the  flo-.v  of  water  in  pipe* 
and  the  flow  of  dectridly  in  metallic  conductors.  Thus  in  Fig.  105ft, 
let  BCE  and  BDE  be  two  wires  that  carry  the  electric  current  passing 
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from  A  to  F.  If  Ci  and  C'a  be  Lhc  currcnu  in  these  drcuil^  and  St 
and  Rq  the  resistances  of  llie  wir»,  it  is  an  elcctru:  law  that  RjCt  ■ 
/fiCs,  or  tlii;  currrnls  arc  inversely  as  the  icsistanoes.  For  mut 
the  discharRcs  iii  antJ  i/z  ^^  analogous  lo  the  eieclric  currents,  an^ 
from  the  alxtvc  equation,  which  expresses  the  equality  of  the  frictioe- 
heads,  it  is  seen  that 

and  accordinnly  the  same  law  holds  if  the  coefficients  of  ^i  and  fjiv 
called  resistances.  If  there  be  a  Ihirri  liiwrsion  BGE  of  Icnffh  I| 
and  diameter  f/j  cunnectinK  B  and  E,  the  current  or  the  dsduutc 
thniugh  AB  divides  between  the  three  diversions  according  lo  the 
same  law,  and  ,     ,  ,     *  ,     , 

04  3g  di  3S  dt  2(1 

Dm  which  it  is  seen  that  (JJJd^  jl?,  U  equal  to  each  of  the  cone- 
sponding  expressions  for  the  other  diversions.  This  subject  "W 
more  fully  discussed  in  \n.  202  of  the  ninth  edition  of  this  book. 

Prob.  105,  From  a  reservoir  A  n  pipe  lo  ooo  feel  long  and  i6  indes 
in  diameter  run*  to  a  point  B  from  which  two  diversiona  lead  to  E.  Tbc 
diveRHOO  BCE  h.  i6oo  feet  lonfi  and  lo  inches  in  diameter,  while  BDE  va- 
sists  of  1000  feet  of  to-inch  pipe  and  1500  feel  of  it-inch  pi|>e.  From  tke 
junction  E.  a  pipe  EF,  1000  feet  lonx.ind  w  inches  in  diameter,  leads  to  the 
business  scctitm  of  the  town,  where  it  is  deiired  lu  have  four  fire  stttut) 
deliver  a  total  discharge  of  000  gallons  per  minute  through  four  hose  lintaoE 
l)-inch  smooth  rubber-Uned  hose  and  i  )-iiich  amooth  iioule^  The  |)oint  F  is 
180  feet  below  the  water  level  in  the  reservoir.  Compute  the  velocity  wd 
diMOiarge  for  eadi  pipe  and  hose  Une,  the  (riction-head  lost  in  each  and  lhc 
ptessurc-hcad  at  the  end  F. 


Art.  106.    C.\ST-raON  Pipes 

Cast-iron  pipes  generally  range  in  size   from  4  inches  to 
inchc!)  in  diameter  the  larger  size.^  being  usually  made  to  order 
They  are  cast  in  1 3-foot  lengths  and  dipped  into  a  hot  bath  of 
coal-tar.     The  Jointi  arc  of  the  bell  and  spigot  type,  the  space 
about  the  spigot  being  filled  with  lead  or  other  material  so  as  tty 
forma  tight  joint. 

Some  waters  act  rapidly  on  cast-iron  causing  the  formation 
of  tuberculin  of  iron  rust  to  such  an  extent  that  in  the  course  of 


yi^ars  ihe  diameter  of  Ihe  pipe  may  be  rcdua-d  by  fully  50  percent. 

Various  machines  have  been  devi.wd  for  removing  siicli  incrusta- 

fions  and  deposits  by  scraping  luid  thus  in  part  restoring  the  orig- 

inalcapacity  of  the  pipe.    No  delinite  rule  can  be  laid  down  for  the 

idixtioD  of  a  proper  friction  factor  for  use  in  the  design  of  a  pipe. 

Each  particular  case  must  be  carefully  studied  and  ihc  proper 

factor  determined  upon.     Many  experiments  have  been  made  in 

order  to  determine  the  friction  factor  in  clean  cast-iron  pipes,  and 

tile  results  arc  tabulated  in  Table  flOa.     Other  experiment.^  have 

been  made  on  pipes  of  various  ages  and  a  few  of  the  results  are 

lure  given  in  Tabic  106  in  order  to  illustrate  the  range  which 

is  to  be  expected  in  the  values  of  the  friction  factor. 

Table  IOC.    Acttjal  Fkictiom  Factors  fo«  Cast-iron  Pipes 


■toiki 

Aota 

Velocilir  in  Fat  pre  S«olll] 

RefcETDlX 

14 

30 

4-0 

» 

4B 

„ 

0 

■5 
if 

S 

11 

«1 

3\ 

0 

7 
16 

0.01 1 
0.976 

0.111 
0.019 
O.0C9 

OA18 
O.OIJ 

0.019 

0,117 
0.01 » 

0,071 

&o>s 

0,01  S 

0,074 
0,015 

ooso 
0,013 

0,013 

Ttans.  Am.  Soo.  C.  t^.,  vol.  47 

Hcring's  Kutlcr  " 

Htring's  Kulltrr  * 

Trans,  Am.  Soc^  C  E.,  vol.  3$ 

Htriny's  Kuller  * 

Trans,  Am,  Soc,  C.  E.,  vol.  44 

Tr.uis,  .\m,  Soc  C.  E.,  vol.  44 

Trjns.  Am.  Sot  C.  E.,  vol.  3s 

Trans.  Am.  Soc  C.  E.,  vol.  aS 

Trans.  Am.  Soc.  C.  E,,  vol.  jj 

An  inspection  of  the  foregoing  table  indicates  the  great  range 
in  the  values  of  the  friction  factor  which  arc  caused  by  progressive 
deterioration  of  the  interior  surface  of  a  cast-iron  pipe.  Due 
allowance  for  this  increase  of  the  friction  factor  with  age  must 
Ik  made  in  designing  pipe  lines  and  water  mains. 

Prob.  lOB.  Compan-  Ihe  iliKchnrgc  of  a  new  cast-iron  pipe  jo  inches 
'1  cibmetcr  anil  10  000  feci  long  under  a  head  of  100  feci  with  that  of  the 
iwic  pipe  when  15  years  old. 

'  '.Hcring  and  Tnutwinc't  Innaklion  nf  Gauii:i>'"cl  ^"cl  Kiittct't  Flow  of 
ftut  In  Riven  and  Other  Chaimi,-b,  New  York,  tSSg.  p.  13J. 
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Art.  107.     Riveted  Pipes 

Pipes  36  inches  and  larger  in  diameter  have  been  nude  oi 
wrought-iron  or  slecl  plates  riveted  togclht-r.  Wroughl-tron. 
however,  is  now  but  little  used,  on  account  of  its  higher  cost, 
except  in  the  form  of  thin  sheets  for  temjKiniry  pipes.  Each 
section  usually  consists  of  a  single  plate,  which  is  bent  into  tbc 
r'rnilar  form  and  the  edges  united  by  a  longitudinal  riveted  lap 
joint.  Tht  different  sections  are  then  riveted  together  in  tran.*' 
verse  joints  so  as  lo  fonn  a  continuous  pipe.  Al  AB  (Fig.  107<i) 
is  shown  the  so-called  taper  joint,  where  the  end  of  each  section 


Fy.  10... 

goes  into  the  end  of  the  following  one,  as  in  a  stovepips.  the  Saw 
occurring  in  the  direction  from  A  to  B.  At  CD  h  seen  the  method 
of  cylinder  joints  where  the  sections  are  alternately  larger  ani 
smaller.  For  the  large  sizes  double  rows  of  rivets  are  used  bath 
in  the  longitudimil  and  transverse  joints,  the  style  of  rivctwl 
joint  depending  on  the  pressure  of  water  to  be  carried  by  the  pipe. 
Riveted  pipes  have  also  been  built  with  bull  joints  on  bot*i 
longitudinal  and  transverse  seams,  lap  plates  being  on  the  outside. 

Pipes  of  (his  kind  have  long  been  in  use  in  California  in  icra- 
porary  mining  operations,  the  diameters  being  from  o.j  to  i.y 
feet.  In  1876  one  was  laid  at  Rochester.  N.Y.,  partly  a  and 
partly  3  feet  in  diameter.  Since  1S92  several  lines  of  large  diam- 
eter have  been  constructed,  notably  the  East  Jersey  pipe  of 
3,  3.5  and  4  feet  diameter,  the  Allegheny  pipe  of  5  feet  diameter, 
and  the  Ogden  and  Jersey  City  pipes  of  6  feet  diameter.  Tbc 
steel  pipe  siphons  now  under  construction  on  tbc  CatskiH  .Aque- 
duct for  the  city  of  New  York  vary  in  diameter  from  g.5  to  11.2 
feel.  These  pipes  will  be  covered  with  concrete  as  a  protec- 
tion against  exterior  corrosion  and  will  be  lined  inside  with  3 
inches  of  Portland  cement  mortar  both  as  a  protettive  coating, 
as  well  as  for  the  puqiose  of  increasing  their  capadty.    This,  it 


I 


\ 
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may  be  noted,  is  a  rc-adoption  of  the  oM  cement-lined  pipe  and 
it  may  be  staled  that  the  capacity  of  a  pi'iw  so  lined  is  about  25 
percent  greater  than  that  of  tlie  same  pipe  without  such  lining. 

Owing  to  the  friction  caused  by  the  rivets  and  joints  the  dis- 
charge from  riveted  pipes  is  less  ihari  that  from  cast-iron  pipes 
in  which  the  obstruction  caused  by  the  joints  is  very  slight. 
The  following  values  of  the  friction  factor  /,  which  have  been 
derived  from  the  data  given  by  Hcrschcl,*  are  applicable  to  new 
clean  riveted  pipes  coated  with  asphaltum  in  the  usual  manner. 


Velocity  in  feci  pi'r  wmnd.      r  ^     i 

3  (l.  difini.,   f  =  o.oi$ 

4  ll.  ilium.,  /"o.oij 
3I  fl.(iiam.,/=0LO3S 
4  U.  ili»m.,  /-0.0J7 


Cylinda  joints 
T^ptf  joint* 


I 

3 

4 

S 

6 

0.039 

0014 

O.Ml 

O.OIQ 

0,017 

O.OI3 

OlOJO 

0.030 

O.OII 

o.eai 

0.014 

0.0J3 

Aaii 

0.011 

0.O3) 

0,036 

o.ojs 

0.0  J4 

O.OIJ 

0.01,1 

These    friction    factors   are   approximately  double  those  given 

(or  new  ca»t-iron  pipes  in  Art.  go,  this  increase  being  largely  due 

to  the  friction  of  the  rivet  heads  and  Lxppcd  joints  though  .some 

of  it  is  probably  chargeable  to  the  roughness  of  the  iisphallum 

coating.     It  must  be  noted  that  these  factors  increase  with  age, 

thus  when  four  years  old  the  upper  end  of  the  above  4-foot 

cylinder  joint  pipe  gave  the  following  values: 

VeLocily  ia  («t  ijer  Ktond,  t-i  t  j  4  s  6 

C}Hindec  joint  4  (i.  dlnm.,  /  —  0.04a    0.0JI    o.ojo    0,039    0.019    o.oig 

while  the  lower  portion  of  this  same  pipe  gave  the  following  values: 

33456 
0.014   0-013   0,014   0.014   0,014 

The  diminution   in  capacity  here  shown  during  a  period  of 

4  years  is  greater  for  the  upper  than  for  the  lower  part  of  the  line 

and  this  is  to  be  ascribed  in  part  at  least  to  the  greater  number 

of  vegetable-  growths  which  occur  in  most  lines  near,  and  for  some 

distance  below  their  intakes. 

When  this  same  pipe  was  15  years  old  (Art.  121)  the  values 

of  the  friction  factor  for  its  upper  end  were  as  follows : 

Vdodiyin  f«t  ptrwtond,  p-    i  >  j  4  S  6 

Cylinder  joint  4  It.  diaffl.,  /••  a-036    o.i>i6 

*ii5  FopcrimentAon  the  Citrrjing  Capacity  oILarse.  Riveted,  McUl  Con- 
lluiU,  New  York,  1S97. 


Velodty  in  feci  per  secnnd,  B  "     I 
Cylinder  joint  4  ll.  iliam,,  /  — O-017 
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and  at  this  same  age  the  values  for  its  lower  end  were : 

Vcloflly  in  feet  per  stcond, » -     t  t  j  4  5  ( 

C)'linilcr  joint  4  It.,  diuiii.,   /'o-o^fi    0.034    O.oj)    0,031 

Similarly  the  3  §-foot-diamelcr  taper  joint  pipe  above  referref' 
to,  when  1 1  years  old,  gave  the  following  values  for  the  frictlr u^ 
factor : 

Velodty  in  feet  per  second,  p—    i  2  3  4  5  6 

Taper  Jtdnl  jl  (t.  diam.,     /'^  °-oS0    O.Oj6    o.o,m    oxijl 

Expcrimcntson  the  6-ftMjt  Jersey  City  Water  Supply  Company* 
taper  joint  pipe  gave  the  following  values  for  the  friction  factor  ' 
at  ages  of  2  months  to  5^  years : 


Vdodiy  in  feet  pet  second 

.»-    1 

1 

S 

4 

at       1  year. 

/-O.OII 

oaai 

o.o>i 

AOII 

at      i|  yors. 

/  »  0,019 

0.016 

O.ol<i 

Ojo»s 

at      ij  ytiirs. 

/  =  0.OJ4 

O.OJO 

ouoi; 

0.017 

M    si  ycfs. 

/  "  o.o}6 

0-034 

0.03s 

Gagings  by  Marx,  Wing,  and  Hoskinsf  of  the  flow  through  ? 
cl  riveted  pipe  6  feel  in  diameter  with  butt  joints  when  new, 
ad  again  after  two  years'  use  furnish  the  following  values  of  thr  . 
friction  factor  / : 

Vdockjr  In  feci  per  second,  B-t  a  3  4  5  6 

■Sijr.       /  =  0iOH    o.oJi    o.OT»    0.011 
1899,        /  =  0.038    0.017    0.015    0.014    OA13    CMn3 

These  results  indicate  a  marked  diminution  with  age  In  cany- 
ing  capacity.     This  reduction  is  in  part  due  to  the  formation  ofj 
blisters  in  the  a.<ipha!tum  coating,  which  is  generally  used,  in  part,  { 
to  the  formation  of  tubercules  or  rust  spots  and  in  part  to  vegeta- 
ble growths  and  incrustations  formed  by  deposits  from  the  water. 

The  so-called  lock -bar  pipe  (Fig.  107ft)  was  first  used  on  the  Cool  I 
gardie  line  in  Australia  and  since  i<>oo  has  l>ecn  introduced  to  a  con 
sidcrablc  extent  In  the  United  States.    In  this  stylcof  pit)e  the  transverse 
joints  arc  made  up  with  rivets,  as  in  the  ordinary  riveted  pipe,  but  thej 

•  Here  published  by  raurtcsy  at  Jersey  City  Water  Supply  Company, 
t  Transaclbns   i\mt'rican  Society    of   Civil    En^necn,  1B98,  voL  40) 
p.  471 ;   uid  1900,  vol.  44,  p.  34. 
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LloneitiKlin.-il  joints  arc  made  by  clamping;  the  edxe-s  of  the  plates  under 
heavy  pressure  into  a  grooved  bar  which  thus  holds  them  together  and 
niake»a  ioini  of  excq>tion2]  strength.  No  longitudinal  rivets  there- 
fore interfere  with  the  flow,  and 
aa  the  plates  of  which  the  ]>i|>(; 
is  made  can  be  used  with  their  — — — -""^""l  f' 
longer  eilgcs  parallel  to  the  ii\L%     '^  ~    \  ,' 

of   the    pipe,   the    number    of 
transverse  joints  can  be  reduced 

fro;ii  50  to  fto  per  cent.  The  carrying  capacity  of  this  style  of  pijjc 
is  probably  materially  in  excess  of  that  of  riveted  pipe,  but  no  re- 
fcorded  experiments  are  available  (rom  which  values  of  tlie  friction 
factor  can  be  stated. 

Prob.  107.  Construct  curves  showing  the  progressive  increase  with  age 
in  the  value  of  the  friction  factor  /  for  riveted  steel  pipes  of  a.  48,  and  60 
Indiea  in  diameter. 


Fig.  1074. 
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Wood  pipes  were  used  in  several  American  cities  during  the 
years  1 750-1850,  these  bcinK  made  of  logs  hid  end  to  end,  a  3  or 
4  inch  hole  having  been  first  bored  through  each  log.  Pipes 
formed  of  redwood  staves  were  first  used  in  CaUfornia  about 
1880.  these  staves  being  held  in  place  by  bands  of  wroitght-iron 
arranged  so  that  they  could  be  tij^htened  by  a  nut  and  screw. 
ScxxTal  long  lines  of  these  large  conduit  pipes  have  been  built 
in  the  Rocky  mountains  and  Pacific  states.  They  have  also 
been  used  there  for  city  mains  to  a  limited  extent  and  recently 
have  been  introduced  in  the  East  on  main  distributing  lines. 

Gagings  of  a  wood  pipe  6  feet  in  diameter  were  made  by  Marx, 
Wing,  and  Hoskins.  in  connection  with  those  of  the  steel  pipe 
cited  in  Art.  107.  The  values  of  the  friction  factor/ deduced  from 
iheir  results  for  velocities  ranging  from  1  to  5  feet  per  second  arc 

Velocity  In  fc«  per  wcnnd.  r  »     i  1  3  4  j 

■  ^7.  /- 0.016      «.OI0      OlOI?      OL.OI6 

'^>       /  =  aoig     a.oi8    0.01}     0.017     0.017 

These  show  that  this  wood  pipe  became  smoother  after  two  years* 
use,  while  the  steel  pipe  became  roughcT. 
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T.  A.  Noble's  gagingK  of  wood  pipes  3.67  and  4.51  feet' 
diameter  furnish  similar  values  of  /.*  For  the  smaller  pipe 
ranges  from  0.021  to  o.oit),  with  velocities  ranging  from  3.5 
to  4.8  feet  per  second.  For  ihe  larger  pipe/  ranges  from  o.oig 
to  0,016,  with  velocities  ranging  from  3.3  to  4.7  feet  per  second. 
From  Adams'  measurements  on  a  pipe  1.17  feet  in  diameter  the 
values  of/ range  from  O.OJ7  to  o.ojo.  with  velocities  ranging  from 
0.7  to  1-5  feet  per  second.  Nohfe's  disfuiMon  of  all  the  recorded 
gagings  on  wood  pipes  show  certain  unexplained  discrepancies, 
and  he  proposes  special  empirical  formulas  to  be  used  for  precise 
computations.  Wooden  slave  pipes  after  being  in  service  some 
time  may  undergo  considerable  alterations  in  form,  as  the  circle 
is  apt  to  be  deformed  into  an  ellipse. 

By  the  help  of  the  formulas  of  the  preceding  pages,  computationa 
for  the  velocity  and  discharge  of  steel  and  wood  pipes  under  given  heads 
may  be  readily  made.  As  such  pipes  arc  generally  long,  the  formulas 
of  Art.  07  will  usually  apply.  In  designing  a  pij^e  line  a  liberal  factor 
of  safety  should  be  introduced  by  taking  a  value  of/ sufficiently  larRC 
so  that  the  discharge  may  not  be  found  deficient  after  a  few  years' 
use  has  deteriorated  its  surface. 

Prob,  108,  Whnt  is  the  liischargc,  in  gallons  per  dny.  of  a  wood  stave 
pipe  s  feet  In  diameter  when  the  slope  of  the  hydraulic  gradient  is  47. j  feel 
per  mile? 

AsT.  100.    FiEtE  Hose 

■^Fire  hose  is  generally  2}  inches  in  diameter,  and  lined  with 
rubber  to  reduce  the  friclional  losses.  The  following  \-alues 
of  tKb  friction  factor/  have  been  deduced  from  the  experiments 
of  Freeman.t 

Vclodly  in  tc*t  pCT  second,    v     4 
Unfincd  llnpn  hov,  /«  0.038 

KourIi  rublxr- lined  cotton,  /  — o.ojo 
Smooth  rubber-lined  cotton, /« 0.034 
Disclursc,  Eallont  per  minute  ~    61 

By  the  help  of  this  tabic  computations  may  be  made  on  flow  of 
water  through  fire  hose  in  the  same  manner  as  for  pipes.     It  is 

*  Traan£tian«  American  Rocictyof  Civil  EnsioMtt.  1901.  vol.  49,  pp.  iii.  m- 
f  Tnnactio4i>  ABicrican  Sodety  of  Civil  Eogiocen,  1889,  toL  it,  p- 303;  x^- 
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seen  that  the  /riction  factors  for  the  best  hose  arc  slightly  less  than 
those  given  for  ai-incb  pipes  in  Table  90<j. 

When  the  hose  line  runs  from  a  steamer  to  the  nozzle,  instead 
of  from  a  ri-scrN'oir,  the  head  A  is  thai  due  to  the  pressure  p  at 
the  steamer  pump  (.^rt.  11).  If  this  hose  line  is  of  uniform  diam- 
eter ihc  velocity  in  the  hose  atiJ  nozzle  may  be  computed  by 
Art.  10!  and  the  discharge  is  then  readily  found.  For  example, 
let  the  hose  be  sj  inches  in  diameter  and  400  feet  long,  the  pres- 
sure at  the  steamer  be  100  pounds  per  square  inch,  which  corre- 
sponds to  a  head  of  2,50.4  feet,  and  (he  nozzle  be  ij  inches  in  diam- 
eter with  a  coetiicient  of  velocity  of  0.98.  'ITien,  neglecting 
the  loss  of  head  at  entrance,  and  using  for/  the  value  0,03,  the 
velocity  from  Ihc  nozzle  is  found  to  be  66.0  feet  per  second,  which 
gives  a  velotily-head  of  67.7  feet  and  a  discharge  of  180  gallons 
per  minute.  The  head  lait  in  friction  is  230.4—67.7  =  162.7 
feel,  of  which  a.8  feet  are  lost  in  ihe  nozsle  and  the  remainder 
in  the  hose.- 

Sometimes  the  hose  near  the  steamer  is  larger  in  diameter 
than  the  remaining  length.  Let  A  be  the  length  and  d\  the  di- 
ameter of  the  larger  hose,  and  k  and  ili  the  same  quantities  for 
the  smaller  hose.  Let  c,  be  the  coeflicicnt  of  velocity  for  a  smooth 
nozzle.  D  ils  diameter,  and  V  the  velocity  of  the  stream  issuing 
from  (lie  nozzle.  By  reasoning  as  in  Arts.  93  and  101 ,  aitd  neg- 
lecting losses  of  head  at  entrance  and  in  curvature,  there  is 
found  for  the  velocity  at  the  end  of  the  nozzle  •» 


V  = 


2gk 


;JSf^'-IJ^-^ 


fl09) 


and  the  discharge  is  given  by  q=\irrPV.  For  example,  let  h  = 
2J0.4,  /i  =  ioo,  /i  =  300  feci;  di  =  3,  ^8  =  2.5.  /)=i.i2S  inches; 
£,=0.98,  and yi=/i=o.03.  Then,  by  the  formula  V  =  69.7  feet  per 
second,  which  gives  a  velocity-head  of  75.5  feet  and  a  discharge 
of  190  gallon:;  per  minute.  Tliis  example  Is  the  same  as  that 
of  the  preceding  paragraph,  except  that  a  larger  hose  is  used 
for  one-fourth  of  the  length,  ami  il  is  seen  that  its  effect  is  to 
increase  the  velodty-hcad  nearly  12  per  cent  and  the  discharge 
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nearly  6  jwr  cent.     For  this  case  the  head  lost  io  friction  is  1 5 
feel,  of  which  j.i  feet  are  lost  in  the  nozzle  and  the  remainder! 
in  the  400  feet  of  hose. 

In  using  the  above  formula  the  tip  of  the  nozzle  is  supfmscd  to  be  I 
on  the  same  level  with  the  pressure  gage  at  the  ateamer  pump  and  the^ 
htiid  A  is  given  in  fett  liy  2. 304  p,  where  p  is  the  gage  remlitig  in  |x>und5 
per  square  inch.     When  the  tip  of  the  no/zle  is  a  vertical  distance  2     1 
above  this  gage,  A  is  to  be  replaced  by  h  —s  in  llie  formula ;  when  it  ■ 
is  the  same  vertical  distance  below  the  gage,  ft  is  to  be  rejilaced  by 
A  +  s.     Ill  the  former  case  gravity  decreases  aiid  In  the  latter  ca,*e 
it  increases  the  velocity  and  discharge.    The  above  formula  applies 
also  lo  the  ca.sc  of  a  hose  connected  10  a  hydrant,  if  A  is  the  efTectixe- 
head  at  the  entrance,  tliiil  is,  the  prc*sure-head  |)lus  the  velocity-head 
in  the  hydrant.      In  Art.  20!  will  be  found  further  discussions  re- 
garding pumping  through  lire  hose, 

.At  a  hydrant  of  diameter  di  the  pressure-head  is  Ai.  To  this  is 
attached  a  ho&7  of  length  I  and  diameter  d  and  to  the  end  of  the  hose 
a  nozzle  of  iliameter  D  and  velocity  coefficient  c,.  Neglecting  losses 
at  entrance  and  in  curvalure  the  formula  for  computing  the  velocity 
of  the  jet  issuing  from  the  nozzle,  when  its  tip  is  held  at  the  same  level 
as  the  gage  that  indicates  the  pressure-head,  is 


V  = 


f  Prob.  100.    When  the  pressure-gage  at  the  steamer  indkatM  8}  | 

I  per  square  inc.li.  a  gage  on  tJie  le;ilher  huse  Soo  feet  distant  reads  35  pounS 

I  Compute  the  value  of  the  friction  factor  /.  the  discharge  per  rainkitc  being 

I  III  gallonx.     If  the  second  gage  be  at  the  entrance  to  a  t)-inch  nozde, 

^^  compute  it*  cocfiicJent  of  velocity. 


Art.  110.    Othkr  lM)RMt;LAS  for  Flow  in  Pipes 


The  formulas  thus  far  presented  in  tUs  chapter  are  based 
upon  the  assumption  that  all  losses  of  head  varj-  with  the  square 
of  tlic  v'clocity.  This  is  closely  the  case  for  the  velocities  common 
in  engineering  practice,  but  for  velocities  smaller  than  0.5  feet 
per  second  the  losses  of  head  due  to  friction  have  been  found  to 
vary  at  a  less  rapid  rate,  and  in  fact  nearly  as  the  first  power  of 
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the  velocity.  Probably  at  usual  velocities  the  loss  of  head  in 
frictioD  is  composed  of  two  parts,  a  small  part  varying  directly 
with  the  \'elocily  which  is  due  to  cohesive  resistance  along  the 
surface,  and  a  targe  part  varying  as  the  square  of  the  velocity 
which  is  due  to  impact  as  illustrated  in  Fig.  90.  This  was  recog- 
nized by  the  early  hydraulicians  who,  after  defining  the  friction 
head  and  friction  factor  as  in  (90),  by  the  formula 

dig 

vok6  to  express  /  in  terms  of  the  velocity  v.     Thus, 
abisson  deduced 

and  Weigbach  advocated  the  form  ■ 

,  ,0.0173  I 

Darcy,  on  the  other  band,  expressed  /  in  terms  of  d,  namdy, 

.  ,  0.00167 

r  /  =  0.0199  +  — ^ 

All  these  expressions  arc  for  English  measures,  v  being  in  feet 
per  second  and  rf  in  feet.  Later  investigations  show,  however, 
that  /  varies  with  both  i'  and  d.  and  the  Ix-st  that  can  now  be 
ii  done  i»  to  tabulate  its  values  as  in  Table  90rt.  In  fact  it  may 
be  said  that  the  theory  of  the  flow  of  water  in  pipes  at  common 
vdodtics  is  not  yet  well  understood. 

Many  attempts  have  been  made  to  express  the  velocity  of 
Sow  in  a  long  pijtc  by  an  equation  of  the  form 

v  =  a-d'{k/iy  \ 

in  which  «,  0,  and  Y  at*  t«  be  determined  from  oaperimcnts  in 
which  »,  rf,  A,  and  /  have  been  measured.  The  exponential  for- 
mula deduced  by  Lampe  for  clean  cast-iron  pipes  varying  in 
diameter  from  one  to  two  feet  is 

v  =  77.7<l"^ih/iy^  (110) 
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in  which  d,  h.  and  /  are  to  be  taken  in  feet,  and  v  will  be  /ounc 
feet  per  second.     From  this  arc  derived 

by  which  discharge  and  diameter  may  be  computed.  Other  j 
investigators  find  different  values  of  8  and  7,  the  values  18  =  J I 
and  7  =  J  being  frequently  advocated. 

The  formula  of  Chezy  (Art.  113).  that  of  Kuiter  (Art.I18),,| 
thai  of  Bazin  (Art.  122).  and  that  of  Williams  and  Hazen  (Art. 
124),  arc  oflt-n  used  for  long  pipes,  care  being  taken  to  select  the 
proper  value  of  c  for  the  tirsi,  of  n  for  the  second,  of  m  for  the 
third,  and  of  c  for  the  fourth.  The  formui<is  of  Kuller  and  Bazin 
are  sometimes  more  advantigeous  than  the  others  since  in  using 
them  the  roughness  of  the  surface  of  the  pipe  can  better  be ; 
taken  into  account. 

The  formulas  of  this  chapter  do  not  appty  to  very  small  pipes 
and  very  low  velocities,  and  it  ia  well  known  thai  for  such  condi- 
tions the  loss  of  head  in  friction  varies  as  the  first  power  of  the  velocity. 
This  wiLs  shown  in  1S43  by  Po!scuiile,  who  in;njc  exi>erinienls  in  order 
to  study  the  phenomena  of  the  flow  of  blood  in  veins  and  arteries. 
For  pipes  of  lasi  than  o.o\  inciics  dianieicr  he  found  the  head  A  to 
be  given  by  A  =  Cilv/it)  where  Ci  is  a  constant  factor  for  a  given  tem- 
perature, V  is  the  velocity,  d  the  diameter,  and  /  the  length  of  the  pii»e. 
Later  researehcs  indicate  that  the  laws  expressed  by  this  equation 
also  hold  for  large  pipes  provided  the  velocity  be  very  small,  antl  that 
there  is  a  certain  critical  velocity  at  which  the  law  changts  and  bej-ond 
which  A  =  Cyp'/rf,  as  for  the  common  cases  in  engineering  practice. 
This  critical  \y>\nl  apjjears  to  be  that  where  the  filaments  cease  to  move 
in  parallel  lint-s  and  where  the  impact  disturbances  illustrated  in  Fig. 
flO  begin.  For  a  very  sraali  pipe  the  velocity  may  be  liigh  itefore  this 
critical  point  is  reached ;  for  a  large  pipe  it  happens  at  vcn,-  low  veloci- 
ties. Experiments  devised  by  Reynolds  enable  the  impact  disturb- 
ance 10  be  actually  sr^n  as  the  critical  velocity  is  i>assel,sothat  its.j 
existence  is  beyond  question.  It  may  al-w  be  noted  that  the  velocity 
of  flow  through  a  submerged  sand  fdler  bed  varies  directly  as  the  first 
power  of  the  cflfcctive  head. 


I 


I 

I 


Prob.  1 10.    Solve  Problems  !M  and  95  by  the  use  of  the  above  formuLu 
of  Lampc 


^ 
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Abt.  Ul.    Computations  di  Metric  Me^\sukes 

Nearly  all  th«  formulas  o(  this  chapter  are  rational  in  form,  the 
corffidrnt  of  velocity  Ci.  the  factorfi/  and/i,  and  the  factors  m,  nti, 
m%,  and  m'  arc  abstract  numbers  which  have  the  same  values  in  all 
systems  of  measures. 

<  Art.  90)    The  mean  value  of  the  friction  (actor/ is  o.o3t  and  Tabl 
Ilia  gives  closer  values  corresponding  to  metric  arguments.    For' 


Table  lllu.    Friction  Factors  for  Clean  Iron  Pipes 
.\rgiimcnts  in  Metric  Mauurra 
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.014 

.013 
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example,  kt  /  =  3000  meters,  tf  =  30  centimeters  =  0.3  meters,  and 
9  B  I.J5  meters  per  second.    Then  from  the  table/  is  o.oii,  and 

A"  =  o.Ma  X  i5°5  X 1^'  =  34.3  meters, 
0.3        19.6 

which  is  the  proliable  loss  of  head  in  friction.  By  the  use  of  Table 
lllb  appro.umate  computations  may  be  made  more  rapidly,  thus  for 
this  case  Uie  loss  of  head  for  too  meters  of  pipe  is  found  to  be  i.to 
meters,  hence  for  3000  meters  the  loss  of  head  is  33  meters, 

(Art.  9-1)    The  metric  valueofjTrV^  is  3^77  and  that  of  S/i^g 
i»  0-3653- 

(Art.  05)  When  (95)  is  used  in  the  metric  system,  the  constant] 
0,4789  is  to  bv  replaced  by  0,6075  '•  here  ^  is  to  be  in  cubic  meters  per"; 
second,  and  I  and  if  in  meters. 


270 


C'hap.  8.     How  of  Water  through  pfpea 


Table  lllb.    Friction  Head  for  ioo  Meters  of  Clean  Iroi 

Pipe 

Metric  M ensures 


Ccalioietrn 

Velodiy  is  Mten  pu  Stuod 
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is 
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UctDn 
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Mmn 
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.04 
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.46 

1.38 
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.01 

.06 

.11 

■3* 

180. 

.01 

^ 

.oft 

(Art.  97)     In  (97)j  the  two  constants  are  4.43  and  ^,48  inste»-* 
of  8.02  aud '6.30,     In  (97),  the  constant  U  0,607  instead  of  0,479, 

(Arts.  106, 107,  and  108)    The  friction  factors /for  cast  iron,  sle*^' 
anfl  wood  pipes  may  be  taken  for  metric  arguments  by  using  tl»* 
velocities  in  meters  jmt  second,  namely,  by  writing  o.j,  0.6,  o-o,  t.^j_ 
i-S,  1,8  meters  per  second,  instead  of !,  1,  3,  4,  5,  6  feet  per  second.       ■ 

(Art,  109)     For  fire  hose  the  values  of  the  friction  factor  /  for 
metric  data  areas  follows,  for  hose  6.35  centimeters  in  diameter: 

Vdocily,  mclcrs  per  second,  t=i.jj 
Utilincd  linen  hme,  /  — 0.038 

Rough  rubbi-r- tilled  cotton.  /-'  0,030 
Smootii  tulibcr-lincd  cotton,  /=  O.O14 
DiKcliurflc,  liten  per  minute,     •     l;JI 

(Art.  110)  In  the  metric  system  the  formulas  for  the  friction 
factor/arc  the  same  as  those  in  the  text,  except  that  the  numerator 
of  the  last  term  is  to  be  divided  by  ,5.28  in  the  formulas  of  D  "Aubisson 
and  Darcy  and  by  1,81  in  that  of  Welsb-tch.    Lam|>e's  formula  is 

t=54.id"«"(A.7)''-"» 

and  his  formulas  for  discharge  and  diameter  are 

q  =  4i.5«P«'{A/0*"*         d  =  0.149  f'ih/no^ 
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which  d,  h,  and  /  arc  in  meters,  v  in  meters  per  second,  and  (j  in 
^ubie  meters  per  second. 

Proli.  1 10a.  Compute  the  diameter,  in  ceniimctcrs,  for  a  pipe  to  de- 
*Vei  500  liters  p€X  miiiutc  under  a  head  o(  i  metera,  when  it*  length  a  loo 
fitter*.    Alw)  when  the  length  is  looo  meters. 

Proh.  llOfc.  Compute  the  veliKily-hcnd  and  discharge  for  a  pipe  i  meter 
■l  diuDctCT  and  Sj^  meters  long  under  a  head  of  64  meters.  Compute  the 
tiUDe  quantities  when  a  smooth  nozxie  s  centimeters  in  dinmcter  is  attnched 
to  the  end  of  the  pipe. 

Prob.  llOr.  A  compound  pipe  has  the  three  diameters  15,  10,  and  .{O 
leatimeters,  the  lengthft  of  which  ure  1 50,  600,  and  43a  meters.  Comi>uie 
he  diiKhartp:  under  a  head  of  16  meters, 

Prob.  UOrf.  A  sleel-rivetcd  pipe  1.5  meter*  in  diameter  is  7500  meters 
>iig.     Compute  the  velocity  and  discharge  under  3  head  of  30.5  mctere. 

Prob.  llOe.  The  value  of  C|  in  Poiscuille's  formula  for  small  pipes  is 
.ooooi;;  (or  Englinh  measures  at  10°  centigrade.  Show  that  its  value  b 
.0000600  for  metric  measures. 

Pn>l>.  110/.  In  Fig.  105*  let  the  pipe  AB  be  3000  meters  long  and  30 
cntimeters  in  diameter,  BCD  be  800  meters  long  and  10  centimeters  in  diam* 
ter,  BCE  be  1000  feet  li)ng  nnil  20  ctntimctere  in  diameter,  and  EF  be 
|O0  meters  long  and  30  centimeters  in  diameter.  Compute  the  velocity  and 
Uscbarge  (or  each  pipe  when  the  total  loal  head  H  is  11.  J  meters. 
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CHAPTER  9 


FI-OW   IN  CONDUITS    AND   CANALS 

Art.  112.    DEFtNmoNS 

From  the  earliest  times  water  has  boon  conveyed  from  _ 
to  place  in  artiticial  chnnncis.  such  as  trouphii,  aqueducts,  ditches, 
and  canals,  there  being  no  head  to  cause  the  flow  cxce|>l  thai  due 
to  the  slope.  The  Roman  aqueducts  were  usually  rectangular 
channels  about  a}  feet  wide  and  5  feel  deep,  lined  with  cement, 
sometimes  running  underground  and  sometimes  supported  on 
arches.  The  word  "  conduit "  will  be  used  as  a  general  term  for 
a  channel  of  any  shape  lined  with  timber,  mortar,  or  masonry, 
anil  will  also  include  large  metal  pijH's,  troughs,  and  sewen. 
Conduits  may  be  cither  open,  as  in  the  case  of  troughs,  or  closed, 
as  in  sewers  and  most  aqueducts.  Ditches  and  canals  are  con 
tluits  in  earth  without  artificial  lining.  Most  of  the  principles 
relating  to  conduits  and  canals  apply  abo  to  streams,  ami  tbo^ 
word  "  channel "  wilt  be  used  as  applicAblc  to  all  cases. 

The  wetted  perimeter  of  the  cross-section  of  a  channel  i* 
that  part  of  its  boundary  which  is  in  contact  with  the  water. 
Thus,  if  a  circular  sewor  of  diameter  d  be  half  full  of  walt-r,  tb 
wetted  pcrimoter  is  \ird.     In  this  chapter  the  letter  p  will  dcsig' 
nate  the  wetted  perimeter. 

The  hydraulic  radius  of  a  water  cros»-6ec(ion  is  its  area  divided 
by  its  wetted  perimeter,  and  the  letter  r  will  be  used  to  designate 
it.  If  J  is  the  area  of  the  cross-section,  the  hydraulic  radius  of 
that  section  is  found  by 

r  =  afp 

The  letter  r  k  of  frequent  occurrence  in  formulas  for  the  flowl 
in  channels;  it  is  a  linear  quantity  which  is  alwav's  expressed  inij 
Ibe  same  unit  as  p,  and  hence  its  numerical  value  is  different  in ! 
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different  systems  of  measures.    It  is  frequently  called  the  hy- 
draulic dt-pth  or  hydraulic  mean  depth,  because  for  a  shallow 

section  its  value  is  but  little     -.^       __^ 

less  than  the  mean  dqith  of 

the  water.     Thus,  in  Fig.  112, 

if  ft  be  the  breadth  on  the  "*  "■ 

water  surface,  the  mean  dqith  is  a/6,  and  ihc  hydraulic  radius  is 

a/p ;  and  these  are  nearly  equal,  since  the  length  of  p  is  but 

s.lighHy  larger  than  that  of  b. 

The  hydraulic  radius  of  a  circular  cross-section  fdled  with 
water  is  one-fourth  of  the  diameter ;  thus 

r  =  a/p  =  \  TrJ^/wd  =  \d 

The  same  x-aluc  is  also  applicable  to  a  circular  section  half  filled 
wlh  water,  ante  then  both  area  and  wetted  perimeter  arc  one- 
half  iheir  former  values. 

The  slope  of  the  water  surface  in  the  longitudinal  section, 
designated  by  the  letter  s,  is  the  ratio  of  the  fall  k  to  tlie  length 
i  in  which  that  fall  occurs,  or 

s  =  h/l 

'r*be  slope  is  hence  expressed  as  an  abstract  number,  which  ts  in- 
dependent of  the  system  of  measures  employed.    To  determine 
itjs  value  with  predwon  A  must  be  obtained  by  referring  the  water 
le^-el  at  each  end  of  the  line  to  a  bench-murk  by  the  help  of  a  hook 
Knge  or  other  accurate  mcan.s,  the  benche-s  being  connected  by 
w%'el  lines  run  with  care.     The  distance  /  is  not  measured  hori- 
zontally but  along  the  inclined  channel,  and  it  should  be  of  con- 
siderable length  in  order  that  the  relative  error  in  A  may  not  be 
•arge,     II  s  =  0  there  is  no  slope  and  no  flow;  but  when  there 
^  even  the  smallest  slope  the  force  of  gravity  furnishes  a  com- 
ponent acting  down  the  inclined  surface,  and  motion  ensues. 
The  velocity  of  flow  cWdcntly  increases  with  the  slope. 

The  flow  in  a  channel  is  said  to  be  steady  when  the  same  quan- 
tity of  water  per  second  passes  through  each  cros.s-section.  If 
an  empty  channel  be  filled  by  admitting  water  at  its  upper  end, 
tbc  flow  is  at  first  non-steady  or  variable,  for  more  water  passes 
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'^T-'uza  >iie  Jt  the  upper  sections  per  second  than  is  delivered 
^  -.CE  .over  emi.  Bat  after  sufGcient  time  has  elapsed  the  flow 
Tec-nres- jteaniy:  whtm  this  occurs  the  mean  velocities  in  different 
-«trwns  ire  in^-erstfiy  as  their  areas  (Art,  31). 

V^uform  iow  b  that  paiticular  case  of  steady  flow  where  all 
re   "aiicr  jrosi-itfctiiijns  are  equal,  and  the  slope  of  the  water 

-jif-ai-T;  s-  '-sinilei  w  that  o(  the  bed  of  the  channel.  If  the  sec- 
>jiB-  ir» .  ~JK  'Sow  b  Slid  to  be  non-uniform,  although  the  con- 
.tl^yll    1  -osuiy  i.'w  is  still  fulfilled.    In  this  chapter  only  the 

..-.-«    I   u:'.i<.'rni  iiw  will  be  discussed. 

"V  ■  t;!^.^.•rti^tt^  Jt  >iiffer«it  filaments  in  a  channel  are  not  equal, 

>   ■•V9«:   K.:u-  .rw  ^"relKvl  perimeter  move  slower  than  the  central 

.«>.    ««nQi  -w  -Jw  T^ciBlinf  influence  of  friction.    The  mean  of  all 

'I     t.ot.r(.ttrs  -'I  iil  the  Qiaments  in  a  cross-section  is  called  the 

■i^..ii    etvjoij  .-.     ritus  if  r',  v",  etc.,  be  velocities  of  different 

r'-l-p"  +  etc. 

» 

:    ..lu  t    *    *  tht  -tumber  trf  filaments.     Let  a  be  the  area  rf 

V       ;-?,■.«.■  !v'ii  iiivi  x'C  truoh  filament  have  the  small  cross-section 
-.'.Ml  t  -a.  J  .  and  hence, 

JT- j'l,r'-|-r"  +  etc.) 

-i        *   •^•.-  -!v:   tKMuix-r  is  the  discharge  5;  that  is,  the  quantity 
,    .      ^..w!;!;    IK-  ^ivvn  i.n.>ss-section  in  one  second.     There 
^     .....I-.    ii^Nity  may  be  als^>  determined  by  the  relation 

r  =  1^  'j 

s.      .■    .*,-.i^   ..i.v-»   lit-  Sctv  ivnsidered  are  in  part  imaginary^ 

^^    .-.^  ,>N  ^VA    iuu  '-here  is  a  constant  sinuous  motion  0:^ 

,  ,x     '.- '     "V   '*•■;'■■  ■''  '-^i*-'  •-■h;innct  to  the  other.     The  besrf 

.>,...     .,n.'s.'t>  !iv-iKv  is,  that  it  is  a  velocity  which* 

. ,,.     ■.     \    ..tu  .H  iho  crv>ss-soition  gives  the  discharge  -» 

s  .,,..>.     'K  XtUriiuIk'  radius  of  a  rectangular  trougtx 
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Art.  113.    Formula  for  Mean  Velocity 

When  a]]  the  wetted  cross-sections  of  a  channel  arc  equal, 
luul  Ihc  water  is  neither  rising  nor  falling,  having  attained  the 
condition  of  steady  flow,  the  flow  is  said  to  be  uniform.  This  is 
the  case  in  a  conduit  or  ranal  of  constant  si/e  and  slope  whose 
WJ^y  does  not  \-ary.  The  same  quantity  of  water  per  second 
then  passes  each  cross-section,  and  consequently  the  mean  veloc- 
ity in  each  section  is  the  same.  This  uniformity  of  flow  is  due 
to  the  resistances  along  the  interior  surface  of  the  channel,  for 
were  it  perfectly  smooth  the  force  of  gravity  would  cause  the 
wlodty  to  be  accelerated,  'i'he  entire  energy  of  the  water  due 
to  the  fall  A  is  hence  expended  in  overcoming  resistances  caused 
bj'  surface  roughness.  A  part  overcomes  friction  along  the  sur- 
face, but  most  of  it  is  expended  in  eddies  of  the  water,  whereby 
"npact  results  and  heat  is  generated.  A  complete  theoretic 
»nalj-sis  of  lliis  complex  case  lias  not  been  iiccfectcd.  but  if  the 
Velocity  be  not  small,  the  discussion  given  for  pipes  in  Art.  90 
applies  equally  well  to  channels. 

Ut  \V  be  the  weight  of  water  passing  any  cross-section  in 
™» second,  F  the  force  of  friction  per  square  unit  along  thesurface, 
P  the  wetted  perimeter,  and  ft  the  fall  in  the  length  /,  Tlie  poteo- 
hal  energj'  of  the  fall  b  ICA,  The  total  resisting  friction  ts  Fpl, 
*id  the  energy  consumed  per  second  is  Fph,  if  v  be  the  velocity, 
•^ftrdingly  Fph  equals  H'A.  But  the  value  of  W  is  uiav,  it  ic 
^  the  weight  of  a  cubic  foot  of  water  and  a  the  area  of  the 
^^OM-seclion  in  square  feet.  ITierefore  Fpl  =  wa/i.  and  siivcc 
"P  is  the  hydraulic  radius  r.  and  h/l  is  the  slope  .(.  this  reduces 
to  f  =  ters,  which  is  an  approximate  expression  for  the  resisting 
fwte  of  friction  on  one  square  unit  of  the  surface  of  the  channel. 
In  order  to  establish  a  formula  for  the  mean  velocity  the  \'alue 
of  F  must  be  expressed  in  terms  of  p,  and  this  can  only  be  done 
by  sttidying  the  results  of  experiments.  These  indicate  that  F 
i$  approximately  projMirtional  to  the  square  of  the  mean  velocity, 
fore  if  c  is  a  constant,  the  mean  velocity  is 

»  =  c  Vw  (U3) 
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which  is  the  formula  firet  advocated  by  Chezy  in  1775.  This  is 
really  an  empirical  expression,  since  the  rcUition  between  F  and 
II  is  derived  from  expi-riments.  'flie  toelTidetit  c  varies  with  the 
roughness  of  the  bed  and  with  other  circumstances. 

Another  method  of  establishing  Chczy's  formula  for  channels 
is  to  consider  that  when  a  pipe  on  a  uniform  slope  is  not  under 
pressure,  the  hydraulic  gradient  coincides  with  the  water  surface. 
Then  formula  (90)  may  be  used  by  rcpladi^  h"  by  h  and  d  by 
its  value  4r,     Accordingly 

A  =  j/—     or     v=^/&g/f^ 

in  which  the  quantity  >/*«//  is  the  Chezy  coefficient. 

This  coefficient  c  is  different  in  different  systems  of  mca.sures 
since  it  depends  upon  |.  For  the  English  sj'stem  it  is  found  that 
c  usually  lies  between  30  and  160.  and  that  its  value  varies  with 
the  hydraulic  radius  and  the  slope,  as  well  as  with  the  roughness 
of  the  surface.  To  determine  the  value  of  c  for  a  particular  case 
the  quantities  v,  r,  and  s  are  measured,  and  then  c  is  computed. 
To  find  r  and  5  linear  measurements  and  le\'cHng  are  required. 
To  determine  v  the  flow  must  be  gaged  either  in  a  measuring 
vessel  or  by  an  orifice  or  weir,  or,  if  the  channel  be  large,  by  floats 
or  other  indirect  methods  described  in  the  next  chapter,  and  then 
the  mean  velocity  p  is  computed  from  11  =  q/a.  It  being  a  matter 
of  great  importance  to  establish  a  satisfactory'  formula  for  mean 
velocity,  thousands  of  such  gugings  have  been  made,  and  from 
the  records  of  these  the  values  of  the  coeflkients  given  in  the 
tables  in  the  following  artlcks  ha\'e  been  deduced. 

Pmb.  113.  Compute  the  value  of  c  (or  a  circular  masonry  conduit 
b  foot  in  diamdcr  which  ilclivcre  65  cubic  inX  pt- r  iKond  when  lunuiitg  half 
full,  its  ilopc  or  grade  bctDg  1.5  feet  in  1000  feet. 

Art.  114.    Circular  Conduits,  FtrtL  or  Half  Fm-i, 

When  a  circular  conduit  of  diameter  d  runs  dther  full  or  half 
full  of  water,  the  hydraulic  radius  ia  \d,  and  the  Chczy  formula 
for  mcao  velocity  is  _ 

f  =  c  v'm  =  c  ■  }  Vdlj 
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The  velocity  can  then  !>e  computcfl  when  c  is  known,  and  for 
ihis  purpose  Tabic  114  gives  Hiimillon  Smith's  values  of  c  for 
pilJcs  and  comluiLs  having  quite  smooth  interior  surfaces  and  no^ 
slwrp  bends.*    The  discharge  per  second  then  is 

J  =  OT  =  c  ■  Jfl  Vds 
in  which  a  is  either  the  area  of  the  circular  cro3s>scction  or  one- 
half  lliat  section,  as  the  case  may  be. 

Table  !14.    Coefficients  c  for  Circular  Cowocns 
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To  use  Tabic  114   a  tentative  method  must  be  employed 
since  c  depends  upon  the  velocity  of  flow.    For  this  purpose  there , 
may  be  taken  roughly 

mean  Chczy  coefScicnt  C=  125 
and  then  v  may  be  computed  for  the  given  diameter  and  slope ; 
a  new  value  of  c  is  then  taken  from  the  tabic  and  a  new  it  com- 
puted; and  thus,  after  two  or  three  trials,  the  probable  mean 
velocity  of  flow  is  obtained.  The  value  of  the  diameter  d  must 
be  expressed  in  feet. 

For  4Mcample,  kt  it  be  required  to  find  the  velocity  and  dis- 
chat;ge  of  a  semicircular  conduit  of  6  feet  diameter  when  laid  on 
a  grade  of  0.1  feet  in  100  feet.     First, 

»  =  ijj  X  i  Ve  X  0.001  =  4.8  feet  per  second. 
*  UydnuUcH  (LomJun  and  New  York,  1SS6},  p.  iji. 
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For  this  velocity  the  Ublc  gives  147  lor  c  ;  hence 
V  =  147  X  s  V0.006  =  5.7  feet  per  !>econd. 

Again,  from  the  tabic  c  =  150,  and 

u  =  150  X  i  V0.006  =  5.8  feet  per  second. 

ThLi  sliows  that  150  is  a  litlle  too  large;  fore  =  149.5.  vis  found 
lobe  5.79  feet  per  second,  which  is  the  final  result.  The  discharge 
per  second  now  is 

5  =  0.7854X1  X  36X5.79  =  81.9  cubic  feet, 

which  is  the  probable  flow  under  the  given  conditions. 

To  find  the  diiimcter  of  a  circular  conduit  to  discharge  a  given 
quantity  under  a  given  slope,  the  area  a  is  to  be  expressed  in  terms 
of  ti  in  the  above  equation,  which  is  then  to  be  solved  for  d  j  thus, 


^-(^y 


the  first  being  for  a  conduit  running  full  and  the  second  for  one 
running  half  full.  Here  c  may  at  first  be  taken  as  135  ;  then  it 
is  computcfi,  the  approximate  velocity  found  from  11  »  ^/iwJ*, 
and  with  this  value  of  v  a  value  of  c  is  selected  from  the  table, 
and  the  computation  for  d  U  repeated.  This  process  may  be 
continued  until  the  corresponding  values  of  c  and  11  are  found  to 
be  in  dose  agreement. 

As  an  example  of  the  determination  of  diameter  lei  it  be 
quired  to  find  d  when  q  =  81.9  cubic  feet  per  serond,  J  =  0.001. 
and  tlieLonciuit  runs  full.  Fore  =  115  the  formula  gives  d  =  4.9 
feet,  whence  v  =  4.37  feet  per  .second-  From  the  table  c  may  be 
now  taken  as  142.  and  repeating  the  computation  d  =  4.64  feet, 
whence  v  =  4.84  feet  per  second,  which  requires  no  further 
change  in  the  value  of  C.  As  the  tabular  coeffidcnls  arc  based 
upon  quite  smooth  interior  surfaces,  such  as  occur  only  in  new, 
dean,  iron  pipes,  or  with  fine  cement  finish,  it  might  be  well  to 
build  the  conduit  5  feet  or  60  inches  in  diameter.  It  is  seen 
from  the  previous  examjilc  that  a  semicircular  conduit  of  6  feet 
diameter  carries  the  same  .tmount  of  water  as  is  here  carried  by 
one  of  4.64  feet  diameter  which  runs  entirely  full. 
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Circular  conduits  running  Full  of  water  are  long  pipes  and  all 
the  formulas  an<l  methods  of  Arts.  W  and  95  can  be  applied  also 
to  their  discussion.     From  .\rl.  1 1 S  it  is  seen  that 

c  =•  VSj//     or    c  =  16.04/  y^ 

in  which/  is  to  be  taken  from  Table  90a.  Values  of  c  computed  in 
this  manner  will  not  generally  agree  closely  with  the  coerlicients 
ot  Smith,  partly  because  the  values  of  /  arc  Riven  only  to  three 
decunal  places,  and  partly  because  Table  90(i  for  pipes  was  con- 
structed from  experiments  on  smoother  surfaces  than  those  of 
ConduiLi.  An  agreement  within  5  per  cent  in  mean  velocities  de- 
duced by  different  methods  is  all  that  can  Ki^trally  be  expected 
in  conduit  computation.";,  and  if  the  actual  discharge  agrees  as 
closely  as  this  with  ilie  computed  discliargc,  the  designer  can 
be  considered  a  fortunate  man. 

All  of  the  laws  deduced  in  the  last  chapter  regarding  the  relation 
between  diameter  and  iliticharge,  relative  (ll.'icharKiiix  cajiacity, 
etc,  hence  apply  equally  welt  to  circular  conduits  which  run  cither 
full  or  half  full.  If  the  conduit  be  full,  it  matters  not  whether  it  be 
laid  truly  to  grade  or  whether  it  be  under  pressure,  since  in  either  case 
the  slope  s  is  the  total  fall  h  <livided  by  the  total  length.  Uiiually, 
however,  the  word  "conduit "  implies  a  uniform  sIojk-  tor  considerable 
distances,  and  in  thi<i  case  the  hydraulic  gradient  coincides  with  the 
surface  of  the  flowing  water. 

Prob.  114.  Find  Ihi:  diameter  o(  a  circular  conduit  to  deliver  when 
running  full  t6  500  000  fpillonx  |>er  day,  its  slope  lieing  0.00016. 


Art.  us.    Circular  Conduits,  Partly  Full 

Let  a  circular  conduit  with  the  slope  J  be  partly  full  of  water, 
its  cross-section  beinj;  it  and  hydraulic  radius  r.  Then  the  mean 
velocity  and  the  discharge  are  given  by 

vc  y/rs  q  =  ca  '^/rt 

The  mean  velocity  fa  hence  proportional  to  vV  and  the  discharge 
to  a  vr.  provided  that  c  be  a  constant .  Since,  howevxr.  c  \'aries 
slightly  with  r,  this  law  of  proportionality  is  only  approximate. 
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I%115. 


When  a  ciroilar  conduit  of  tiiamclcr  d  runs  c-tlher  full  or  hall 
fuU,  its  hydraulic  radiuf^  h  \d  (Art.  112).     If  it  is  filled  to  the 
depth  d'  (Fig.  115).  the  wetted  perimeter  is 

p  =  ^vd-i-d  arc  sin  ■ — - — ■ 
a 

and  the  sectional  area  of  the  water  surface  is 
a  =  Jrf/.  +  id'  -  Jd)  Vd'{d-d') 

From  these  p  and  a  can  be  computed,  and  then  r  is  found  by 
dividing  a  hy  p.  Table  1 15  gives  values  of  p.  a,  and  r  for  a  circle 
of  diameter  unity  (or  dilTcrent  depths  of  water.  To  find  from  il 
the  hydraulic  radius  for  any  other  circle  it  is  only  necessary  to 
irmltiply  the  tabular  values  of  r  hy  tho  given  diameter  d.  The 
table  shows  that  the  greatest  value  of  the  hydraulic  radius  occurs 
when  d'  =  o.&td,  and  that  it  is  but  little  less  when  d'  =  o.Sd 
In  the  fifth  and  sixth  columns  of  the  tabic  arc  given  values  of  V.* 
and  a  Vr  for  different  depths  in  the  circle  of  diameter  unity ; 
these  arc  approximately  proportional  to  the  velocity  and  discharpc 
which  occur  in  a  circle  of  any  size.  The  tabic  shows  that  the 
greatest  velocity  occurs  when  the  depth  of  the  water  is  about  eight- 
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tenths  of  the  diameter,  and  that  the  greatest  discharge  occurs 
when  the  depth  is  about  0.951/,  ^^  i£  ^^  *'i<^  diameter. 

By  the  help  of  Table  1 1.")  the  velocity  and  disckarge  may  be  com- 
puted when  c  i^  known,  but  it  'a  nut  i>os»iblc  on  uecount  of  the  lack 
of  experimental  knowledge  to  state  precise  values  of  c  tor  different 
values  of  r  in  circles  of  different  sixes.  However,  il  ts  known  ihal  an 
increase  in  r  increases  c,  and  that  a  decrease  in  r  decreases  c.  The 
following  experiments  of  Darcy  and  Bazin  show  tlie  extent  of  Ihis 
variation  for  a  semicircular  conduit  of  4.1  feet  diameter,  and  they  also 
ach  that  the  nature  of  the  interior  surface  Kreatly  influences  the  values 
of  C.  Two  conduits  were  built,  each  with  u  slope  s  =  0.0015  and  d  = 
4.1  feet.  One  was  lined  with  neat  cement,  and  the  other  with  a  n:or- 
tar  made  of  ccmeni  with  one-third  tine  sand.  The  flow  was  allowtxl 
to  occur  with  different  depths,  and  the  discharges  per  second  were 
Haged  by  means  of  orifiees;  thi.s  enabled  the  velocities  to  be  computed, 
and  from  these  the  values  of  the  coefficient  c  were  found.  The  fol- 
lowing arc  a  portion  of  the  results  obtained,  d'  denoting  the  depth 
of  water  in  the  conduit,  r  the  hydraulic  radius,  v  the  mean  velocity, 
and  all  linear  demenjiions  being  in  English  feet: 

^^It  is  here  seen  that  c  dccrea.ses  quite  uniformly  with  r,  and  that  the 
velocities  for  the  mortar  lining  arc  8  or  10  per  cent  les»  tlian  lltose  for 
\       the  neat  cement  lining. 

The  value  of  the  coefficient  c  for  these  exiwriments  may  be  roughly 
expressed  for  English  measures  by 

C  =  c,-i6(Srf-d') 

in  which  C|  is  the  coefhdent  for  the  conduit  when  running  half  full. 

How  thi.*  will  apply  to  different  diameters  and  velocities  is  not  known ; 

ifhen  rf*  is  greater  than  o-M,  it  will  probably  prove  incorrect.     In 

^practice,  however,  computations  on  the  flow  in  [Kirtly  fdled  conduits 

are  of  rare  occurrence. 

I'rob.  II.V     Compute  ihe  hydraulic  radius  for  a  circular  conduit  of  41 
fc^  diameter,  when  it  'a  tbrec-fourth%  liUed  wiiii  water,  and  also  the  mean 
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\-clocity  when  it  ix  lined  with  ueal  ccmenl  and  laid  on  a  grade  of  0.15  Feet^ 
pet  100  feet. 

Art.  116.     Rectangul.\r  Conduits 

In  designing  an  open  rectangular  trough  or  conduit  to  carrj- 
water  there  is  a  ct-rlain  ratio  of  breadth  to  depth  which  is  most 
advantageous,  bccau!>e  thereby  cither  the  discharge  is  the  greatest  ■ 
or  the  least  amount  of  material  is  required  for  its  construction. 
Let  b  be  the  breadth  and  d  the  depth  of  the  water  section,  then  the 
area  a  is  W  and  the  welled  perimeter  ^  is  6  +  3d.    If  the  area  a  is 
given,  it  may  be  required  to  find  the  relation  between  b  and  d 
so  ihal  the  discharge  may  be  a  maximum.     If  ihe  wetted  pcrim- 
eler  p  is  given,  the  relation  between  b  and  d  to  produce  the  same 
result  may  be  demanded.     It  is  now  to  be  shown  that  in  both 
cases  the  breadth  i.^  double  the  depth,  or  A  =  2d.     This  U  called 
the  most  advantageous  proportion  for  an  open  rectangular  con- 
duit, since  there  is  the  least  head  lost  in  friction  when  the  velocity 
and  discharge  arc  the  greatest  possible. 

Let/  be  the  hydraulic  radius  of  the  cros$>section,  or 

^a  _     bd 
'     p     b+id 

then,  from  the  Chezy  fonnula  (113),  the  expressions  forlbe  veloc- 
ity and  discharge  arc 


-cViJ 


bd 


b+3d 


'-^W.-^ 


In  these  expressions  it  is  required  to  find  the  relation  between 
b  and  d,  which  renders  both  r  and  q  a  maximum. 

Let  the  wetted  perimeter  p  be  given,  as  might  be  the  case 
when  a  definite  amount  of  lumber  is  assigned  for  the  construction 
of  a  trough;  then  b  +  2d  =  p,  01  d  •=  i[(p  ~  b).  and 


\        2p 


'-^/-V-' 


in  which  ^  is  a  constant.     Differentia  ling  cither  of  .these  expres- 
sions with  respect  to  b  and  equating  the  derivative  to  zero,  there 
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is  found  h  =  J^.  and  hence  d  *  \f>.    Accordingly  6  =  2d,  or  the 
breadth  is  double  the  depth. 

Again,  let  the  area  j  be  given,  as  might  be  the  case  when  a 
definite  amount  of  rock  excavation  is  to  be  made;  then  bd  =  a, 
or  d  =  a/b,  and  


it  =  cVs 


ab 


d'A 


\6*  + 


30 


ib^+2a 


in  which  a  h  constant.  By  equating  the  first  derivative  to  zero, 
there  is  found  l^  —  la.  and  hence  <P  =  i«.  Accordingly  b  =  2d, 
or  the  breadth  is  double  the  depth,  as  before. 

It  is  seen  in  the  above  cases  that  the  maximum  of  both  v  and  q 
occur  when  r  is  a  maximum,  or  when  r  =  It/.  It  is  indeed  a 
general  rule  that  r  should  be  a  maximum  in  order  to  secure  the 
least  loss  of  head  in  friction.  The  circle  has  a  greater  hydraulic 
radius  than  any  other  figure  of  equal  area. 

In  these  investigations  c  has  been  renarded  as  constant,  al- 
though strictly  it  varies  somewhat  for  different  ratios  of  A  to  d. 
The  rule  deduced  Is.  however,  sufficiently  close  for  all  practical 
purposes.  It  frequently  happens  that  it  is  not  desirable  to  adopt 
ihe  relation  b  =  2d.  either  because  the  water  pressure  on  the  sides 
of  the  conduit  becomes  too  great  or  because  it  is  advisable  to 
limit  the  velocity  so  as  to  avoid  scouring  the  bed  of  the  channel. 
Whenever  these  considerations  are  more  important  than  that 
of  securing  the  greatest  discharge,  the  depth  is  made  less  tlian  one- 
half  the  breadth. 

The  velocity  and  discharge  through  a  rectangular  conduit 
are  expressed  by  the  general  equations 

and  arc  computed  without  difficulty  for  any  given  case  when  the 
coefficient  c  is  known.  To  determine  this,  however,  is  not  easy, 
for  it  is  only  from  recorded  experiments  that  its  value  can  be 
ascertained.  When  the  depth  of  the  water  in  the  conduit  b  one- 
half  of  its  width,  thus  giving  the  must  advantageous  section,  the 
values  of  c  for  smooth  interior  surfaces  may  be  estimated  by  the 
use  of  Table  114  for  circular  conduits,  although  c  is  probably 
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smaller  for  rectangles  than  for  circles  of  equal  area.  Wbcn 
depth  of  the  water  is  less  or  greater  than  \d.  it  must  be  remem- 
bered that  c  increases  with  r.  'Yhe  value  of  c  also  is  subject  to 
slight  variations  with  the  slope  5,  and  to  great  variations  with  the 
degree  of  roughness  of  the  surface. 

Table  JIG,  derived  from  Smith's  discussion  of  the  experiments 
of  Darcj--  and  Bazin,  pves  values  of  c  for  a  number  of  wooden 
and  masonry  conduits  of  rcctanguL-ir  sections,  all  of  which  were 
laid  on  the  grade  of  0.49  per  cent  or  s  =0.0049.    The  great  influence 

Table  116.    Coefficients  c  for  Rectanoclar  Conduits 
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of  roughness  of  surface  in  diminishing  the  coefBdent  is  here 
plainly  seen,  l-'or  masonry  conduits  with  hammcr-dres.sed  sur- 
faces c  may  be  us  low  as  60  or  50,  particularly  when  covered 
with  moss  and  slime. 

rnib.  1 1Ct.  I-'inil  thr  Mjic  of  a  trouftb,  who«e  width  h  double  its  depth, 
which  will  deliver  13$  cubic  feet  per  minute  when  its  slope  is  aooi,  taking 
the  oodTirJent  c  m  100. 

Art.  117.    Trapezoidal  Sections 

Ditches  and  conduits  are  often  built  with  a  bottom  nearly 
flat  and  with  side  slojics,  thus  forming  a  trapezoidal  section. 
The  side  slope  is  fixed  by  the  nature  of  the  soil  or  by  other  cir- 
cumstances, the  grade  is  given,  and  it  may  be  then  required  to 
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ascertain  the  relation  between  the  bottom  width  and  the  depth 
of  water,  in  order  that  the  section  shall  be  the  most  advantageous. 
This  can  be  done  by  the  same  rea.soning  as  iised  (or  the  rectangle 
in  the  last  article,  but  it  may  be  well  to  employ  a  different  method,  J 
and  thus  be  able  to  consider  the  subject  in  a  new  h'ght. 

Let  the  trapezoidal  channel  have  the  bottom  width  b,  the 
depth  d.  and  let  6  be  the  angle  made  by  the  side  slopes  with  the 

horizontal.     Let  it  be  required  to    srrv _  yr?:?:3 

discharge  q  cubic  units  of  water  per  '^T^^ — jj         A^ 

second.     Now  q  =  ca\^rs.  and    the  \--..7^-:..^J^J. — 


most  advantageoiLs  proportions  may  ''      ' 

be  said  to  be  those  that  will  render  ^*  '"' 

the  cross-section  a  a  minimum  for  a  given  discharge,  for  thus  the 

least  cJttavation,  will  be  required.     From  Fig.  117, 

a  =  d(b  +  dcol0)         p  =  t>  +  3d/sm0  ^***' 

and  from  these  the  value  of  r  may  be  expressed  in  terms  of  a,  (_ 
d,  and  $;  inserting  thb  in  the  formula  for^,  it  reduces  to  | 

in  which  the  second  member  is  a  constant.  Obtaining  the  Orst 
<icrivati\'C  of  a  with  respect  to  d,  and  then  replacing  ^  by  its 
value  c'flVj,  there  results 

d  =  29'/c'a*j        d  =  2r 

which  is  the  relation  that  renders  the  area  «  a  minimum ;  that  is, 
the  advantageous  depth  is  double  the  hydraulic  radius.  Now 
fiuice  a/p  ~r,  it  is  easy  to  show  that 

b  +  2dcoij0  =  2d/ein$ 

or,  the  top  width  of  the  water  surface  should  equal  the  sum  of  the 
two  side  slopes  in  order  to  pi\-e  the  most  advantageous  section. 
Since  c  has  been  regarded  constant,  the  conclusion  is  not  a  rigor- 
ous one,  although  it  may  safely  be  followed  in  practice.  As 
in  all  cases  of  an  algebraic  minimum,  a  considerable  variation 
in  the  value  of  the  ratio  d/b  may  occur  without  materially  effect- 
ing the  value  of  the  area  a.     In  many  cases  it  is  not  possible  to 
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have  so  great  a  depth  of  water  as  the  rule  d—ir  requires  beame 
of  the  greater  cost  of  excavation  at  such  depth,  or  because  width 
rather  than  depth  may  be  needed  for  other  reas<xu. 

When  a  trapezoidal  channel  is  to  be  built,  the  geaeral  fonnulu 
V  =  c  Vrs  and  q  =  av  may  be  used  to  obtain  a  rough  ^^roziiDatiai 
to  the  discharge,  c  being  assumed  from  the  best  knowledge  at  hud. 
The  formula  of  Kutter  (Art.  118)  or  that  of  Basn  {Art.  122)  may  be 
used  to  determine  c  when  the  nature  of  the  bed  of  the  channd  is  known. 
For  a  channel  already  built,  imputations  cannot  be  trusted  to  pn 
reliable  values  of  the  discharge  on  account  at  the  uncertainty  re- 
garding the  coefficient,  and  in  an  important  case  an  actual  gapng 
of  the  flow  should  be  made.  This  is  best  effected  by  a  weir,  but  'i 
that  should  prove  too  expensive,  the  methods  exphuued  in  the  next 
chapter  may  be  employed  to  give  more  precise  results  than  can  usually 
be  determined  by  computation  from  any  formula. 

The  problem  of  determining  the  size  of  a  trapezoidal  cbanjid 
to  carry  a  given  quantity  of  water  does  not  require  c  to  be  de- 
termined with  great  precision,  since  an  allowance  should  be  made 
on  the  side  of  safety.  For  this  purpose  the  following  values  may 
be  used,  the  lower  on^  being  for  small  cross-sections  with  rough 
and  foul  surfaces,  and  the  higher  ones  for  large  cross-sections 
with  quite  smooth  and  clean  earth  surfaces : 

For  unplaned  plank,  c  =  loo  to  jao 

For  smooth  masonty,  c  =    go  to  no 

For  clean  earth,  c  =>    6o  to    8o 

For  stony  earth,  c  —    40  to    60 

For  rough  stone,  c  —    35  to    50 

For  earth  foul  with  weeds,  c  =    30  to    50 

To  solve  this  problem,  let  a  and  p  be  replaced  by  their  values 
in  terms  of  6  and  d.    The  discharge  then  is 


?  =  cd(6  +  rfcot^)^/^i^±4^^*^l^ 
\         0  smS  +  id 

Now  when  q,  c,  0,  and  j  are  known,  the  equation  contains  two 
unknown  quantities,  b  and  d.  If  the  section  is  to  be  the  most 
advantageous,  b  can  be  replaced  by  its  value  in  terms  of  (2  as 
above  found,  and  the  equation  then  has  but  one  unknown. 
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Or  in  general,  \S  b=md,  where  m  is  any  assumed  number,  a  solu- 
tion for  ihe  depth  gives  tlie  formula 

.      9'(»isin^+  2) 
c-s  (m  +  cut^j*  antf 

For  the  ]>articular  ca-ic  where  the  side  slopes  are  i  on  i  or  $=4$^, 
inj  ihe  bottom  width  is  to  be  equal  to  the  water  depth,  or  m  =  i, 
this  becomes  d  =  0.863  (y'/c'j)* 

These  formulas  arc  analogous  to  those  for  finding  the  diameter 
''f  pip«s  and  circular  conduits,  and  the  numt-riad  o{HTations  arc 
•u  all  reelects  similar.  It  is  plain  that  by  a.'isigning  ditTerent 
values  to  m  numerous  sections  may  be  delermined  which  will 
^Usty  the  imix)sc<J  conditions,  and  usuall)'  the  one  is  to  he  se- 
'ttrtcd  that  will  give  both  a  safe  velocity  and  a  minimum  cost. 
^1  Art.  120  will  be  found  an  example  of  the  determination  of  the 
si^e  of  a  trapezoidal  canal. 

i*Tob.  It7.    If  the  value  of  c  h  71,  corapule  Uie  dcpili  of  a  irapMoldftl. 
*^M<in  to  cany  »oo  cubic  f«'l  of  wnlcr  per  wcnni],  $  licing  45^,  the  dope' 
*h^ingo.ooi,and  ihe  Ijottom  uidih  t>cing  equal  to  the  depth.  Compute  also 
"■^  ajmof  thccroiA-scction  ami  ilu-aK-jn  velocity. 


Art.  118.    Kutter's  Formcla 


^^  .An  elaborate  discussion  of  all  recorded  gagings  of  channels 
was  made  by  Ganguillcl  and  Kuttcr  in  18O9,  from  which  an  im- 
portant empirical  formula  was  deduced  for  the  coefficient  C 
in  the  Chesy  formula  t'=cV'rs.  The  value  of  c  is  expressed  in 
tpfrns  of  the  hydniulic  radius  r.  the  slope  s.  and  the  degree  of 
roughness  of  the  surface,  and  may  be  computed  when  these  three 
"quantities  are  given.  W'hen  r  is  in  feet  and  v  in  feet  per  second, 
K-utter's  formula  for  the  Chezy  coefficient  C  is 


I -Sit 


+  41-65  + 


0.00181 


-t( 


I+--  4r-6S-+ 


0.00181  "N 


(118) 


Di  which  n  ts  an  abstract  number  whose  value  depends  only 
upon  the  roughness  of  the  surface.    By  inserting  thb  value  of 
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c  In  the  Chezy  formula  for  v,  the  mean  velocity  depends  upcsi  r,  s, 
and  the  roughness  of  the  surface.  GanguUlet  and  Kutter  gave 
the  following  values  of  «  for  different  surfaces;* 

M  =  o.oio  for  well-planed  limber  or  smooth  cement, 

»  =  O.OI3  foi  common  boards, 

»  =  0.013  ^°'  ashlar  or  neatly- jointed  brickwoifc, 

n  =  0.017  ioT  rubble  masonry, 

n  =  0.025  for  channels  in  earth,  brooks  and  rivers, 

n  =  0.030  for  streams  with  detritus  or  aquatic  plants. 

The  formula  of  Kutter  has  received  a  wide  acceptance  on 
account  of  its  application  to  all  kinds  of  surfaces.     Notwith- 
standing that  it  is  purely  empirical,  and  hence  not  perfect,  it  is 
to  be  regarded  as  a  formula  of  great  value,  so  that  no  design  for 
a  conduit  or  channel  should  be  completed  without  employing 
it  in  the  investigation,  even  if  the  final  construction  be  not  based 
upon  it.    The  formula  shows  that  the  coefficient  c  always 
increases  with  r,  that  it  decreases  with  s  when  r  is  greater  tha.x3. 
3.28  feet,  and  that  it  increases  with  s  when  r  is  less  than  3. 2S 
feet.    When  r  equals  3.28  feet,  the  value  of  c  is  simply  i.8ii/'»». 
It  is  not  likely  that  future  investigations  will  confinn  these  la"^WB 
of  variation  in  all  respects. 

Numerous  observations  on  natural  and  artificial  chanQ^ls 
have  furnished  data  for  determining  values  of  the  factor  <:>f 
roughness  «;  values  of  the  slope  s,  the  hydraulic  radius  9", 
and  the  mean  velocity  v  are  determined  by  field  measux"^=- 
ments  for  a  certain  channel,  and  then  the  corresponding  n  is 
computed  from  (118).  Ganguillet  and  Kutter  used  hundre<:Js 
of  such  measurements  in  their  discussion;  hundreds  of  othe«~s 
have  since  been  made  from  which  the  six  classes  above  mer:*-" 
tioncd  have  been  greatly  extended.  The  most  recent  discu^" 
sions  are  those  of  Horton,  which  have  utilized  a  large  numbc  * 
of  observations  made  on  canals  and  rivers  in  the  Unite<=^ 
States.    The  final  results  of  Horton  f  are  as  follows,  in  whict" 

•Flow  of    Water  in   Rivers  and  Other  Channels,    Translated,  with 
aHditions,  by  HcrinR  and  Triiutwine,  New  York,  iS8((. 
*  EngineerinR  Nfws,  February  24,  1916,  p.  373. 
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those  marked  f  are  to  be  commonly  used  in  designing  artifidi 
channels. 

Kutlcr's  formula  implies  that  for  a  given  channel  the  fac 
n  is  independent  of  v,  r,  and  s.  Thus,  for  a  certain  stage 
water  let  «  he  found,  then  for  a  somewhat  higher  stage,  tl 
values  of  v,  r,  and  j  will  be  larger  than  before.  Since  no  chan| 
in  the  character  of  the  channel  surface  has  occurred,  it  ought  \ 
supposed  that  n,  as  (icrlvcd  by  computation  for  the  two  cas^ 
would  remain  unchanged,  but  as  a  matter  of  fact  this  is  raid 
true.  Sometimes  m  is  smaller  for  the  higher  than  for  the  \am 
stage  and  sometimes  it  is  greater;  part  of  this  discrepancy! 
probably  due  to  errors  of  obscr\'ation,  but  yet  there  remq 
differences  lliat  can  be  explained  only  by  supposing  that_ 
formula  is  impcrfecL 

The  greatest  uncertainty  in  the  use  of  Kutter's  for 
occurs  in  applying  it  to  streams  of  very  slight  slope.  Ti 
introduction  of  the  slope  s  into  the  formula  was  made  by  Gal 
guillet  and  Kutter  on  account  of  obscr\'alions  on  the  Mi 
si«^*pp'  river  where  the  slojjcs  were  very  small,  These  obscrvl 
Uons  have  since  been  shown  to  be  imperfect,  not  only  on  accoiq 
of  the  verj"  great  difficulty  of  measuring  small  slopes  with  pn 
dsion,  but  also  on  account  of  the  use  of  double  floats  in  dctcrmi] 
ing  the  mean  velocities,  A  new  discussion  of  all  truslwortli 
observations  is  greatly  needed  and  will  probably  be  made  befoi 
the  end  of  the  twentieth  century,  but  in  the  meantime  Kuttcd 
formula  will  continue  to  be  used.  Its  successful  use  in  any  j  ' 
case  will  depend  upon  the  care  with  which  the  computer  cob 
the  records  of  actual  gagings  in  order  to  obtain  the  prc^r  val 
of  the  factor  n. 


remq 
la^ 

bnnd 


' 


In  the  following  articles  are  given  tables  of  c  for  a  few  ■ 
and  these  might  be  greatly  extended,  as  has  been  done  by  KiD 
and  others.  But  this  is  scarcely  necessary  except  for  sped) 
lines  of  investigation,  since  for  single  cases  there  is  no  difficult 
in  directly  computing  it  for  given  data.  For  instance,  take] 
rectangular  trough  of  unplaned  plank  j.93  feet  wide  on  a  sloa 
of  4.9  feet  in  tooo  feet,  the  water  being  i.ig  feet  deep.     H«g 
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*=aoo49,  and  r  =  o.;79  feel.    Then  n  being  o.oia.  the  value  of 
C  lo  be  used  in  the  Chczy  formula  is  found  to  be 

I-41-65H 

0.013  0.004  q 

=  "3 


1  + 


0.01  3 


1    i        ^1    0.00281^ 
=141.65+       ) 

teS  O.OO40  / 


Vo.77()''       '      0.0049. 

The  data  here  used  are  taken  from  Tabic  1 10,  whore  the  actual 
Yatnc  of  c  is  given  as  117;  hence  in  this  case  Kutter's  formula 
is  about  s  per  <;ent  in  excess.  As  a  second  example,  the  follow- 
ing data  from  the  same  tabic  will  be  taken:  a  rectangular  con- 
duit in  neat  cement.  fr  =  5.Q4  feel,  (/=o.9i  feet,  5  =  0.0049.  Here 
"■0.010,  and  r=o.6g7  feet.  Inserting  all  values  in  the  formula, 
Ihere  is  found  0=148.  which  is  8  percent  greater  than  the  true 
value  138.  Thus  is  shown  the  fact  that  errors  of  j  -and  10  pcr- 
ttnt  are  lo  be  regarded  as  common  in  calculations  on  the  flow 
of  Water  in  conduits  and  canals. 

Prob,  118.  TTic  Sudbury  conduit  is  ot  horsc-shoc  form  and  lined  wilh 
^ckUidwilh  Clement  join  Li  uni- iiuurlri  of  un  inch  thick,  and  b.id  on  a 
*l^ 0(0.0001805.  Compuic  the  discharge  in  14  hours  when  the  nrca  i§.;3.ji 
'fl'UKfect  and  the  wetted  perimeter  15.^1  (eel. 

Art.  119.    Sewebs 

Sewers  smaller  in  diameter  than  18  inches  are  always  ciicidar 
'"  section.     Wlien  htrger  than  this,  they  are  built  wilh  the  sec- 
™i  cither  circular,  egg-shaped,  or  of  the  horse-shoe  form.     The 
list  shape  is  very  disadvantageous  when  a  small  quantity  of 
sewage  is  flowing,  for  the  wetted  perimeter  is  then  large  compared 
with  the  area,  the  hydraulic  radius  is  small,  and  the  velocity 
becomes  low,  so  that  a  deposit  of  the  foul  materials  results.    As 
the  slope  of  sewer  lines  is  often  very  slight,  it  is  important  that 
foch  a  fonn  of  cross-section  should  be  adopted  to  render  the  veloc- 
ity of  flow  suflicient  to  prevent  this  deposit.    A  velocity  of  a 
feet  per  second  is  found  to  be  about  the  minimum  allowable 
limit,  and  4  feet  per  second  need  not  be  usually  exceeded. 

The  cgg-shapcd  section  is  designed  so  that  the  hydraulic 
radius  may  not  become  sniall  even  when  a  small  amount  of 
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n 


0 


sewage  is  flowing.    One  of  the  most  common  forms  is  that  duwn 
in  Fig.  119,  where  the  greatest  width  DDisiwo-lhirtlsof  thcdeplti 

UM.  The  arrJi  DUD  is  a  scmidrcit 
described  from  ,4  as  a  center.  The 
invert  LML  is  a  portion  of  a  drcle 
described  from  B  as  a.  center,  Ihe 
distance  BA  bdng  three-fourths  of 
DD  and  the  radius  BM  being  on^ 
half  of  AD.  Each  side  />i,  is  de- 
scribed from  a  center  C  so  as  to  be 
tangent  to  the  arch  and  invert. 
These  relations  may  be  e;q>ressed 
more  concisely  by 

AB  =  \D         BM  =  \D         CL=i^D 


"( 

/^ 

A 

\\ 

3t 

FIk.  I  Iff. 


in  which  D  is  the  horizontal  diameter  DD. 


i 


Computations  on  egg-shaped  sewers  arc  usually  confined  to 
three  cases,  namely,  when  flowing  full,  two-thirds  full,  and  i 
third  full.    The  values  of  the  sectional  areas,  wetted  perimeter 
and  hydraulic  radii  for  these  cases,  as  given  by  Flynii,*  are 


0 

t 

f 

Full 

t.148;  D> 

3-065  0 

OlSqijD 

Two-Uiinb  (ufl 

o-rssso* 

a-.w  i> 

0.3157  0 

One-third  full 

ajStoO* 

I  37S  D 

0.10660 

This  shows  that  the  hydraulic  radius,  and  hence  the  velocity, 
is  but  little  less  when  flowing  one-third  full  than  when  flowi 
with  full  section. 

Egg-shaped  sewers  and  small  circular  ones  arc  formed 
laying  consecutive  lengths  of  clay  or  cement  pipe  whose  interior 
surfaces  are  quite  smooth  when  new,  but  may  become  foul  after 
use-     Large  sewers  of  circular  section  arc  made  of  brick,  and  are 
more  apt  to  become  foul  than  smaller  ones.     In  the  separa 
system,  where  systematic  flushing  is  employed  and  the  pipes  a; 
small,  foulness  of  surface  is  not  so  common  as  in  the  combined 
system,  where  the  storm  water  is  alone  used  for  this  purixjse. 


in^ 

or 
er 
re  < 


*  Van  Nostnuid's  Moguine,  tSSj,  vol.  iS,  p.  138, 
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In  the  latter  case  the  st2«8  are  computed  for  the  volume  of 
storm  water  to  be  dbcharged,  the  amount  of  sewage  being  very 
small  in  cumpariaon. 

The  discharge  of  a  sewer  pipe  enters  it  at  intervals  along 
iU  leni^h,  and  hence  the  How  h  not  uniform.  The  depth  of 
the  flow  incrcascH  along  the  length,  and  at  junctions  the  size 
of  ihe  pipi-  is  enlarged.  Tlic  strict  invest igatiun  of  thcprobk-m 
of  flow  is  accordingly  one  of  great  complexity.  But  considering 
the  fact  that  the  sewer  is  rarely  hlled,  and  that  it  should  be  made 
large  enough  to  provide  for  contingencies  and  future  extensions, 
il  appears  thai  great  precision  is  unnecessary.  The  praclice, 
therefore,  b  to  discuss  a  sewer  for  the  condition  of  maximum 
discharge,  regarding  it  as  a  channel  with  uniform  flow.  The 
main  problem  is  that  of  the  determination  of  size;  if  the  form  is 
circular,  the  diameter  is  found,  as  in  Art.  114,  by 

If  the  form  is  egg-shaped  and  of  the  proportions  above  ex- 
plained, the  discharge  when  running  full  is 

q  =  acVfS=  1.1485  O^c  Vo.aSQ?  Ds 

from  which  the  value  of  D  is  found  to  be 

ZJ  =  i.ai(ff/cVsj' 

Thu5.  when  q  ha,i  been  determined  and  c  is  known,  the  required 
sizes  for  given  slopes  can  be  computed.  The  velocity  should  also 
be  found  in  order  to  ascertain  if  it  is  low  enough  to  prevent 
scouring  (Art.  135). 

Experiments  from  which  to  directly  determine  the  coefiident  c 
for  the  Sow  in  sewers  are  fc^w  in  number,  but  since  the  sewage  is 
mostly  water,  it  may  be  approximately  ascertained  from  the  values 
for  similar  surfaces.  Kutler  's  (onnula  has  been  enten.sively  employed 
for  this  purpose,  using  0.015  ^'^^  'he  coefficient  of  roughness,  Table 
119  ^vcs  values  of  c  for  three  dilTcreiit  sJopes  and  for  two  classes  of 
surfaces.  The  values  for  Ihe  degree  of  roughness  reiiresented  by  n  = 
0.017  are  applicable  to  sewers  with  quite  rough  surfaces  of  niasonryj 
those  for  n  ^  0.015  •^^  applicable  to  sewers  with  ordinary  smooth 
surfaces,  somewhat  fotdcd  or  tubcrcuJated  by  deposits,  and  arc  the 
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Table  119.    Kdttek's  CoEFncoNTS  c  loa.  Scwzas 


Hydiudlc 
Rudhur 
falFM 

I  — (LSooal 

J  ^QiOOffl 

f  An 

■  — OIH] 



■  — (UUT 

■  — <UII5 

■  — oslf 

a  — eu«t 

a— <unT 

0.1 
0.3 
0.4 
0.6 
0.8 
I. 

>S 

a. 

3- 

60 

6s 

76 

8> 

8S 

100 

T06 

it6 

43 

S» 
S6 
6S 
T> 
77 
86 

94 
103 

58 

66 

73 

81 

87 

gi 

103 

u>8 

118 

48 
S6 

61 

70 

76 
So 

«9 

96 

104 

68 

76 

83 

(K> 

95 

99 

108 

III 

iiS 

S7 
70 

81 
87 
91 
9» 
>oS 

ones  to  be  generally  used  in  computations.  JBy  the  help  of  this  table 
and  the  general  equations  for  mean  velocity  and  discharge,  all  prob- 
lems relating  to  flow  in  sewers  can  be  readily  solved. 

Prob.  119.  The  grade  of  a  sewer  is  i  foot  in  1004,  and  its  disdiu|e 
is  to  be  130  cubic  feet  per  second.  What  should  be  the  diameter  <rf  the 
sewer  if  it  is  circular  ? 

Art.  120.    Ditches  and  Canals 

Ditches  for  irrigating  purposes  are  of  a  trapezoidal  section, 
and  the  slope  is  determined  by  the  fall  between  the  point  from 
which  the  water  is  taken  and  the  place  of  delivery.  If  the  fall 
is  large,  it  may  not  be  possible  to  construct  the  ditch  in  a  straight 
line  between  the  two  points,  even  if  the  topography  of  the  country 
should  permit,  on  account  of  the  high  velocity  which  would  re- 
sult. A  velocity  exceeding  2  feet  per  second  may  often  injure 
the  bed  of  the  channel  by  scouring,  unless  it  be  protected  by 
riprap  or  other  lining.  For  this  reason,  as  well  as  for  others,  the 
alignment  of  ditches  and  canals  is  often  circuitous. 

The  principles  of  the  preceding  articles  are  sufficient  to 
solve  all  usual  problems  of  uniform  flow  in  such  channels  when  the 
values  of  the  Chezy  coefficient  c  are  known.  These  are  perhaps 
best  determined  by  Kutter  's  formula,  and  for  greater  convenienM' 
Table  120  has  been  prepared  which  gives  their  values  for  three 
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aUnaUt 

(^•Moes 

1  •• 

D.0C01 

1  — 

CMU 

lUlOMf 

kFRt 

n  —  »«>f 

■  ••a«|i3 

■  —  o*»j 

It  — eojo 

■  •oatj 

•  — oajo 

ir^ 

3S 

31 

41 

35 

47 

37 

m- 

49 

40 

3* 

41 

56 

45 

ms 

57 

47 

50 

48 

«a 

5' 

F 

64 

S» 

6S 

53 

67 

S4 

mt- 

1> 

59 

7> 

59 

73 

60 

t- 

77 

64 

77 

64 

76 

63 

*. 

it 

6S 

8a 

&S 

79 

66 

^k. 

86 

T» 

84 

71 

80 

6S 

B( 

9' 

76 

87 

74 

81 

70 

^■Bt 

96 

So 

gi 

80 

8S 

73 

Ht 

los 

So 

97 

B4 

90 

77 

Wp- 

"4 

■00 

lOI 

91 

95 

81 

ilopcs  and  two  degrees  of  roughness.  By  interpolation  in  this 
■able  values  for  intermediate  data  may  also  be  found;  for  instance, 
[  the  hydraulic  radius  be  3,5  feet,  the  slope  be  j  on  1000,  and 
I  be  0.025.  *h^  value  of  c  ts  found  to  be  74.5. 

As  an  example  of  the  use  of  the  table  let  it  be  required  to  find 
l>e  width  and  depth  of  a  ditch  of  most  advantageous  cross- 
Wrtion,  whose  channel  is  to  be  in  tolerably  good  order,  so  that 
'"{Xozj.  The  amount  of  water  to  be  delivered  is  aoo  cubic 
«t  per  .second  and  the  grade  is  i  in  1000,  the  side  slopes  of  the 
'Iwiinel  being  i  on  i.  From  Art.  117  the  relation  between  the 
Wtom  width  and  the  depth  of  the  water  is,  since  0  ts  45*, 


=  Af- 


b  =  d\ 


rbearea  of  the  cross-section  then  is 


3COld]^O.S2&d 


nd  tbe  wetted  perimeter  of  the  cros.<t-section  13 


p^b- 


2d 

sind 


3-656d 
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whence  the  bydraulic  racUiu  is  o.ji,  as  must  be  the  case  for  >l11 
trapc3W)idal  channels  of  most  advanlagcotis  section.  Now. 
since  d  is  unknown,  c  cannot  be  taken  from  the  table,  and  3$  a 
firet  approximation  let  it  be  supposed  to  be  6o.  Tlien  in  the  gen- 
eral formula  for  y  the  above  values  are  substituted,  giving 

aoo  =  6o  X  i-SiSd*  Vo-s J  X  0.001 

from  which  d  is  found  to  be  5.8  feet.  Accordingly  f  =  2.9  feet. 
and  from  tlic  Uble  c  is  about  71.  Repeating  the  compulation 
with  this  value  of  c.  there  is  found  d  =  ^.^  feet,  which,  considering 
the  uncertainty  of  c,  is  suflicienlly  close.  The  depth  may  then 
be  made  5.5  feet,  the  bottom  width  is 

6  =0.828X5.5-4-55  feet, 
and  the  area  of  the  cross-section  is 

a  =  1.838  X  s-s'  =  55-3  square  feet, 
which  gives  for  the  mean  velocity 


i 


V  =  —  =  3.63  feel  per  second. 
55-3 

This  completes  the   investigation   if   the    velocity  is    regardedj 

as  satisfactory.    But  for  most  earths  this  vfould  be  too  high, 

and  accordingly  the  cross-section  of  the  ditch  must  be  ma^ 

wider  and  of  less  depth  in  order  to  make  the  hydraulic  radi 

smaller  and  thus  diminish  the  velocity. 

The  following  statements  show  approximately  the  vclociti< 
which  are  required  to  move  ditlerent  materiais: 

0.3S  Ircl  iKT  second  moves  6nc  clay. 

o.j  fcti  per  second  moves  loam  and  eanb, 

i.o  feet  per  Mcxinri  raoves  sand, 

a.O  feci  pet  second  moves  gravel, 

3ja  feet  per  scctind  movet  pebbleit  ■  inch  in  size, 

4.0  fcft  i>cr  second  moves  spalls  an<:l  stones, 

6,0  feet  per  second  moves  large  MOines, 

The  mean  velocity  in  a  channel  may  be  somewhat  larger  than 
these  values  before  the  materials  will  move,  bc-cause  the  velocities 
along  the  wetted  perimeter  are  smaller  than  the  mean  velocity. 
M<»e  will  be  found  on  this  subject  in  Art.  135. 


r 
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Prob-  120.  .-\  ditch  is  to  discharge  200  cubic  feet  per  ^■cond  n-ith  a 
mean  velocity  of  3.4  l«t  per  second.  If  its  bottom  width  15  16  feet  and  the 
side  slopes  are  1  on  1,  ootnputc  the  depth  of  water  and  the  :l1u[)«  of  tlie  ditch. 

Art.  121.    Large  Steel,  Wood,  and  Cast-iron  Pipes        ' 

Long  pipes  of  large  size  arc  usually  regarded  as  conduits  even 
when  running  under  pressure,  for  in  formula  (97)  1  the  ratio  h/l 
may  be  replaced  by  the  slope  s  and  the  diameter  d  is  four  times 
the  hyUruulic  radius  r\   then  it  becomes 

V  =  -VSg/JVrs  =  c  Vri  ' 

which  is  the  same  as  the  Chezy  formula.  Values  of  c  may  be 
directly  computed  from  observed  values  of  11,  r,  and  s,  and  this 
has  been  done  by  many  experimenters.  When  values  of  c  are 
known,  all  computations  for  long  pipes  may  be  made  exactly 
like  those  for  circular  conduits. 

In  the  following  Table  121a  *  are  shown  the  results  of  experi- 
ments on  a  number  of  steel  pipes  ranging  from  53  to  108 
inches  in  diameter  and  from  new  to  15  years  of  age.  The 
experiments  were  made  at  velocities  ranging  from  i.o  to  6.0  feet 
per  second,  and  the  values  given  in  the  table  are  those  read  from 
mean  curves  of  the  piotlings  of  the  result*  of  the  experiments. 
In  the  column  headed  "Material  and  Joint"  the  letters  5  and  W 
tefer  to  steel  and  wrought  iron  respectively,  while  the  letters 
B,  C,  and  T  refer  to  the  style  of  the  joint  used  in  the  construction 
of  the  pipe,  B  indicating  butt,  C  cylinder,  and  T  taper  joint, 
respectively.    The  experiments  bracketed  together  in  the  first 

*  FoHowinc  are  the  source*  (torn  which  the  resulia  labulutcd  in  ibii 
table  haw  hrai  obtained  : 

Mas.  I,  I,  and  lo.  Tranaiclluns  American  Society  of  Qvil  Engineers, 
Vol.  »6.  p.  toj. 

Hot.  3,  4t  5-  6,  J,  8,  tt,  t),  ij,  IS.  i4,  *4-  Hcwchd'siis  Kupcrimentii, 
New  Vofk,  tSo?. 

No«.  9,  14,  and  17  u<  here  shown  throufch  courtesy  o(  Morris  R.  Sher- 
Tcrd,  Chief  RnginccT,  Ocpartrnciil  ol  Public  Works.  Newark,  N.J. 

Nils.  18.  to.  Traiiiu:iioQs  .\mcriciui  Society  of  Cii'll  KnKinecrs,  Vol. 
40,  P-  47«.    nnd  Vol.  44.  P-  i*- 

Nm.  j©  »j.  From  The  Jcnicy  City  Water  Supply  Co,,  Palnrmn,  X.  J. 
No.  »6.    From  C.  A.  Vim  Kcuren.  Cliiet  ICnKineer.  Jenwy  City.  N.  J. 
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cnlumn  were  made  at  clifTerent  ages  as  shown  on  the  siime  pipe 
and  indicate  the  deterioration  which  is  to  be  expected  with  age, 
{See  An.  107-)  Experiments  numbered  u  and  15  are  one  and 
the  same  and  are  shown  twice  in  order  that  compari.ion  may 
more  readily  be  made  with  experiments  13  and  14  and  16  and  17, 
Ex])eriments  12  and  15  were  made  on  the  entire  length  of  the 
pipe  referred  to,  while  13  and  14  were  made  on  its  upper  end  and 
16  and  17  on  its  lower  end.  It  is  to  be  noted  that  the  coefficients 
shown  in  e.xpcriment  23,  when  the  pipe  was  four  and  a  half 
years  old,  arc  lower  than  those  shown  by  exjKrrimenLs  24,  35  and 
26,  notwithstanding  thai  the  pipe  was  nearly  eight  years  older 
when  the  obscr\-ations  of  experiment  26  were  made.  This 
apparent  improvenient  in  the  contlition  of  the  pipe  has  been 
due  to  the  fact  that  shortly  after  experiment  23  was  made  a 
plant  for  sterilizing  the  water  carried  by  the  pipe  was  put 
into  operation.  Almost  as  soon  as  the  sterilization  was  begun 
large  masses  of  vegetable  matter  which  had  been  growing  in 
the  pipe  were  discharged  from  its  tower  end,  thus  indicating 
that  most  vegetable  growths  cannot  continue  to  live  in  water 
which  has  been  so  treated.  In  spite  of  this  clear.ing  out  of  the 
vegetable  growths,  with  which,  by  the  way,  many  water  mains 
are  well  supplied,  the  deterioration  of  the  carrjing  capacity 
of  the  pipe  has  continued  to  increase,  but  at  a  much  slower 
rate.  In  fact  the  coefficients  have  decreased  for  the  last  seven 
years  at  the  rate  of  only  ?  point  per  year  while  for  the  first  year 
alone  the  loss  was  nearly  9  points. 

This  result  is  interesting,  iis  it  permits  of  drawing  some  com- 
parison of  the  relative  effect  of  vegetable  fouling  with  that  of 
tuberculation  due  to  the  rusting  of  tlie  pipe  itself.  The  former 
apparently  is  controlling  during  the  early  years,  while  the  latter, 
though  relatively  slow  in  action,  is  nevertheless  a  continuing 
factor.  But  it  must  not  be  forgotten  that  all  of  the  fouling  of 
the  pipe  duriJig  the  early  years  of  its  life  cannot  be  ascribed 
to  vegetable  growths.  This  pipe  was  protected  against  corro- 
aon  by  a  dipped  asphalt  coating  and  all  coatings  of  thl.i  nature 
tend  to  become  roujrh  by  the  formation  of  blistirs  which  arc 
about  as  large  as  a  pigeon's  egg  and  of  which  ofttimcs  as  many 
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as  forty  are  to  be  found  on  a  square  foot.    These  blisters  some — 
times  become  brittle  with  age  and  break  off,  thus  leaving  ihc^ 
irctal  of  the  pipe  exposed  but  at  the  same  time  reducing  the 
fritlionEtl  losses. 

For  wooden  stave  pipes  the  ga^ngs  of  Noble  and  those  Ol 
Marx,  Wing,  and  Hoskins,  already  referred  to  in  Art.  108,  furnish^ 
the  following  values  of  the  coefficient  c,  those  given  for  the  6-foo' 
diameter  in  the  lirst  line  being  for  new  pipe  and  those  in  th^B 
second  line  after  two  years'  use 

Velocity  in  feet  per  scoind.    t  =     i 
j.7  fcrt  diamclcr  c  — 
4,S  f«t  dliimctcr  c  -  (in) 
6^  (ccl  (liamMct  c  =  loo 
6.0  feci  dianwter  c  =   tt6 

'Here  the  two  \'alues  in  parentheses  liave  been  found  by  a  graph! 
discussion  of  the  results  of  the  observations.     For  the  first  of 
these  pipes  the  valve  of  Kulter's  n  ranges  from  0.013  *"  0.01J, 
while  for  the  second  and  third  it  is  practically  constant  at  o.ot  j. 

Many  gagings  h;ivc  been  made  on  cast-iron  pipes,  and  the  re- 
sults show  great  variations  which  can  be  a.scribed  to  many  causes; 
among  these  may  b."  mentioned  the  progresave  deterioration 
due  to  age  as  well  as  that  due  to  the  particular  kind  of  watcTj 
carried  by  the  pipe,  thi:  care  with  which  the  pipe  has  been  laid, 
and  with  which  the  joints  have  been  made.     In  Table  1216 
shown  the  values  of  the  coefficient  c  for  certain  pipes  of  riiffereni 
diameters  and   ages  and  for  varying  velocities.     The  fricti' 
factors  for  these  same  gagings  are  given  in  Art.  106. 

As  illustrating  the  values  of  n  in  Kuttcr's  formula  for  som' 
of  the  experiments  shown  in  Table  121<j  the  ft)liowing,  for  cxperi 
ments  iS,  iq  and  26  are  here  given: 

Velodty  in  feet  per  second     =  i  .0      i.o      30      4.0       $.q 

Experiment  18,  »=  0.013  0.014  0015  0.014 

Experiment  19,  «=  o.oiR  0.016  o.oij  0.015  0.015 

Experiment  j6,  n=  o  018  0.018 

The  dcq)  concretc-Hned  tunnels  which  are  coming  into  use 
on  water  supply  systems  as  well  as  in  sewer  work  are  strictly 
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Table  1216.    .\ciual  Coeffictents  c  k)R  Cast-iron  Pipes 


DUmMw 

lo 

bKbn 

In 
Vmb 

Vdndljr  m  FkI  ptr  S«nitl 

RckniKX 

t« 

■  « 

JO 

i« 

19 
I) 
II 

SO 
M 

36 
36 
48 

48 
4« 

0 

IS 
33 

S 

»s 

'\ 

si 

0 
7 

■a 

■ot 
6J 

49 

no 

58 
46 

IIS 

6t 

96 

107 

lis 

45 

109 

bo 
los 

118 

W 
130 

M 
M" 

loj 

Trans,  Am.  Soc  C.E.,  voJ.  47 

Hcting's  Kuitcr  * 

Hcrinf's  KuUcr" 

Trun*.  Am.  Soc.  C.E.,  vol.  35 

Httinit's  Kutlcr  * 

Trans.  Am,  Soc.  C.E,,  vnt.  44 

Trans.  Am,  Soc.  C.E.,  vol.  44 

Trana,  Am.  Soc.  C.E.,  vol.  35 

TraiM.  Am.  Soc.  C.E..  vol.  afl 

Trsns.  Am.  Soc.  C.K.,  vol.  33 

to  be  considered  as  masonry  pipes,  since  they  flow  entirely 
full  of  water  under  high  pressure.  Perhaps  the  most  notahlc 
example  of  these  tunnels  is  to  be  found  on  tlic  Catskill  aque< 
duct  (Art.  123).  During  the  summer  of  1915  experiments  were 
made  on  two  of  these  tunnels  and  the  results  arc  given  bclow.f 

LtDgtb  or  Tunnel  CctSLcient  D^mctvf  uFTunoet 

8=1  11=3  p=4 

24^80  feet  150  149  147  14.5  feet 

i4,349fcct  149  149  149  14.5  feet 

It  is  to  be  noted  that  these  coefficients  are  higher  than  those 
of  riveted  steel  pipes  and  are  also  larger  than  those  of  cast-iron 
pipes,  though  the  increase  .shown  ia  most  likely  due  lo  the  larger 
h>draulit  radius,  which  in  the  case  of  the  14.5  foot  tunnel  is 
3.63,  while  for  a  48-inch  pipe  it  is  but  1.0. 

lATien  the  above  ejcperimi-nts  were  made  these  tunnels  were 
new  and  clean.  It  may  be  expected  that  with  age  these  coefS- 
cjents  will  drop  to  from  125  to  130.  The  value  of  the  friction 
factor  corresponding  to  the  values  of  e  as  determined  by  the 
experiments  on  these  deep  tunnels  is  0.01  z. 

•  llcring  nn<l  Tmuiwinc's  tmn-^ktion  of  Ginguilkl  and  Kutter**  Flow 
d  \V«l«  (n.Rivtrs  un<l  olhi-r  Channels,  New  Yorli,  1880,  p.  15J. 

t  By  courlciy  o(  J.  Waldu  Smitli,  Cliicf  Enginwr,  Board  oJ  Wftttr 
Supply,  City  or  New  York. 
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In  the  case  of  those  portions  of  the  Catskill  aqueduct  which 
lie  on  the  hydraulic  gradient  the  coefficients  are  nearly  ihc  same 
as  for  the  pressure  tunnels,  as  indicated  in  the  following  tabula 
tion: 


Mhh  Vclwrtr 

CocOtimt 

Itirdmilk  lUdio* 

Mean  IltT*li 

3.8s 

US 

2.90 

4  3« 

4  35 

148 

355 

5-70 

4  TO 

»SI 

4.10 

7- SO 

5'o 

154 

4.50 

9.10 

The  cross-section  of  this  aqueduct  is  simitar  to  that  shown  m 
Fig.  126*.  It  is  17.5  feet  wide,  17  feet  high  and  is  laid  on  a 
&lopc  of  0.00021.  The  above  results  were  obtained  when  it  was 
new  and  clean,  and  are  to  be  con^derecl  as  maximums.  Results 
of  gagings  on  other  similar  a(]ucducts  arc  to  be  found  in  Art.  123. 

ProS.  121.  Compare  the  diamcicr  of  a  cylinder  joint  riveted  steri  pipe 
as  000  feet  lonjt  to  cnny  30  000  000  Knll<>n.t  daily  nl  a  tost  of  head  of  5  feet 
per  mile  with  the  danielcr  of  2  cast-iroa  pipe  for  tlw  same  jervioe. 


Art.  122.    Bazix's  Foruula 

In  1897  Bazin  pro;x»cd  a  formula  for  open  channels  as  ihe 
result  of  an  extended  discussion  of  the  most  reliable  gagings.* 
In  it  the  coefficient  c  is  expressed  in  terms  of  the  hydraulic  radius 
and  the  roughness  of  tlie  surface,  but  the  slope  does  not  enter: 


i  =  cVm 


rs 


8r 


,   ,-  (122) 

o.5S2  +  Bt/Vr 

This  is  for  English  measures,  r  being  in  feet  and  r  in  feet  per  sec- 
ond, and  the  quantity  m  has  the  following  values: 

at  =  0.06  for  smooth  cemeat  or  matched  boardsi 

M  -  0.16  for  plaitks  and  bricks, 

M  =  0.46  for  masonry, 

m  *  0^5  fof  regular  earth  twds, 

HI  »  1.30  for  canah  in  good  order, 

m  =  1.7s  f«  canab  in  very  bad  order, 

•  Anaaln  de»  pants  et  chaiuate,  1897. 4*  iriiscslre,  pp.  m-to. 
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Tablt- 122  gives  values  of  c  computed  from  fl22)  for  these  values 
of  m  and  for  several  values  of  r,  from  which  coefficients  may  be 
selected  for  particular  surfaces.    It  may  be  noted  that  for  a  pcr- 

Table  132.    Bazin's  Cdefficients  c  pox  Chanmels 
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Wtly  smooth  surface  wherein  =  o.  the  fonnula  gives r  =  15S  Vm, 
which  ciinnot  be  correct  since  uniform  velocity  could  not  obtain 
on  such  a  surface.  For  this  extreme  case  Kuttcr's  formula  ap- 
pears to  be  more  satisfactory,  for  if  m  =  o  the  value  of  c  is  in- 
finite. However,  no  empirical  formula  can  he  tested  by  applying 
it  to  an  extreme  case. 

A  comparison  of  the  values  of  c  obtained  from  the  formulas 
of  Kutter  and  Barln  only  serves  to  emphasize  the  uncertainty 
regarding  the  selection  of  the  proper  coefficient  in  particular 
cases.  Kuttcr's  «  =  o.oio  corresponds  to  Bazin's  m  =  0.06, 
and  for  several  different  hydraulic  radii  the  coefficients  for  this 
degree  of  roughness  arc  as  follows : 

HydniuIlL'  radikU  r  in  (ccl. 
From  Bonn's  Formula, 
From  Kuticr,  ]-aoi, 
From  Kuticr,  J  -  o.oot. 
From  KutiPt,  «  =  0.00005, 

While  the  agrct-mcnt  is  fair  for  a  hydraulic  radius  nf  one  foot,  it. 
(ails  to  be  satisfactory  for  larger  radii.    This  is  perhaps  a  severel 
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compartson  because  it  is  probable  Ihal  no  charint;!  in  neat 
has  ever  been  constructed  having  a  hydraulic  radius  as  great  fl&^ 
7  feet,  but  it  serves  to  show  (hat  these  empirical  formulas  differ 
widely  when  applied  to  unusual  cases.  For  the  present,  at  least, 
the  formula  of  Kuller  apjxiars  to  receive  the  most  general  accept- 
ance, but  undoubtedly  the  lime  will  come  when  it  iivill  be  re- 
placed by  a  more  satisfactory  one.  An  actual  gaging  of  the  dis- 
charge by  the  method  of  Art.  131  will  always  give  more  reliable 
information  than  can  be  obtained  from  any  formula. 

For  a  hydraulic  radius  of  3,28  feet  Kuttcr's  formula  for  c 
reduces  to  the  convenient  expression 

c  =  i-Sii/m     whence    v=  ^^-^  y/rs 


and  this  may  be  used  for  approximate  computations  when  r  lies 
between  2  and  6  feet.  Here  n  is  the  roughness  factor,  the  values 
of  which  are  given  in  Art.  118.  When  r  "  3.28  feet,  Baain's 
formula  gives  c  =  136  for  brickwork,  while  Kuttcr's  gives  c  ~  140; 
for  canals  in  good  order  Baztn's  formula  gives  c  =  69,  while 
Kutter's  gives  c  =  72.  The  comparison  is  very  satisfactory,  and 
so  close  an  agreement  is  not  generally  to  be  expected  when  com- 
putations are  made  from  different  formulas.  The  formula  of 
Bazin  is  largely  used  in  France  and  Enirland,  and  that  of  Kuttcr 
in  other  countries, 

rrab.  122.    Solve  Problem  1  lA  by  Uie  use  of  Buin's  cocflidcnts. 


Art.  123.    Masonry  Conduits 

Masonrj'  conduits  or  aqueducts  for  conveying  water  have 
been  used  since  the  days  of  ancient  Rome.  In  cases  where  large 
quantities  of  water  are  to  be  carried  on  small  slopes  and  where 
the  topography  of  the  country  is  at  a  suitable  elevation  they 
offer  the  most  economical  means  for  its  conveyance.  The  Sud- 
bury and  Wachusctt  aqueducts  for  the  supply  of  Boston,  the 
Jersey  City  aqueduct  for  the  supply  of  that  dty,  the  I-os  Angeles 
aqueduct  for  the  supply  of  the  city  of  Los  Angeles  in  California, 
the  old  Croton  and  the  New  Croton,  and  the  Catsldll  aqucttucts 
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for  the  suf^Iy  of  New  York  City  arc  among  the  largest  and 
longest  which  have  yet  Ixren  constructed.  Large  portions  of 
these  aqucducl:^  are  in  tunnels  on  the  hydraulic  gradient,  and 
in  the  case  of  the  Catskiil  aqueduct  of  a  total  of  iio  milea  of 
main  conduit  nearly  30  percent  is  in  rock  tunnel  from  300  to 
1100  feet  below  the  surface.  The  Catskili  tunnels,  completed 
in  1916,  are  lined  with  concrete,  arc  circular  in  cross-section, 
and  their  diameters  range  from  11  to  15  feet. 

Relatively  few  expL-rimenls  for  determining  the  coefficients 
of  flow  h.tvc  been  made  on  these  aqueducts.  From  their  gagings 
of  the  Sudbury  aqueduct,  Fteley  and  Stearns  *  determined  a 
formula  for  mean  velocity.  The  crnss-aection  of  this  aqueduct, 
which  is  !aid  on  a  slope  of  o.oooj,  consists  of  a  part  of  a  circle  9.0 
feet  in  diameter,  having  an  invert  of  13.12  feet  radius,  whose 
span  is  8.3  feet  and  depression  0.7  (eet,  the  axial 
depth  of  the  conduit  being  7.7  feet.  It  is  lined 
ith  brick,  having  cement  joints  \  of  an  inch 
thick.  Tlie  flow  was  allowed  to  occur  with 
different  depths,  for  each  of  which  the  discharge 
was  determined  by  weir  measurement.  A  dis- 
cussion of  the  results  led  to  the  conclusion  that  in  the  portion 
with  the  brick  lining  the  coefiicientchad  the  value  i27f''-"when 
r  is  in  feet,  and  hence  results  the  exponential  formula 

V  =  137 /"-"VrT^  ta?  /"j^" 

In  a  portion  <rf  this  conduit  where  the  brick  lining  was  coated  with 
pure  cement,  the  coefficient  was  found  to  be  from  7  to  8  percent 
greater  than  lajl'^.  In  another  portion  where  the  brick  lining 
was  covered  with  a  cement  wash  laid  on  with  a  brush,  the  co- 
|.effidcnt  was  from  i  to  3  percent  greater.  For  a  long  tunnel  in 
rhich  tlie  rock  sides  were  rapped,  but  with  a  smooth  cement  in- 
vert it  was  found  to  be  about  40  percent  leas. 

Gagings  on  the  New  Croton  Aqueduct  t  showed  that  the  mean 
velocity  when  the  aqueduct  was  new  could  be  represented  by  the 

*  Trinuctioni  .American  Sodi-t)- of  Civil  F.nginocn,  iSSj.vol.  ij,p.  1(4. 
t  LnginotrinK  Ktcord,  189S,  vol.  it,  p.  ttj. 
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expression  v  =  is^/'^Vs.  Thfa  aqueduct  is  constructed  Cif 
brirk  laid  in  close  morlar  joints.  Its  cross-section  is  shown  in 
ng.  126ft.  It  is  ij.53  K-ft  in  height  by  13.6  feel  in  maximum 
width.  The  radius  of  its  invert  13  18.5  feet,  the  span  of  the  in- 
vert chord  is  i  j.o  feet,  and  the  depression  of  the  invert  below  the 
chord  is  t.o  foot.    Its  slope  is  0.0003. 

Gagings  on  various  portions  of  the  aqueduct  of  the  Jcrecy- 
City  Water  Supply  Company,*  a.  cross-section  of  which  is  shown 

in  Fig.  1236,  gave,  when  the 
aqueduct  was  new,  valuesof  the 
coefficient  c  in  the  Chczy  for- 
mula of  from  123  to  145,  while 
the  average  value  of  »  in  Kut- 
ter'a  formula  was  0.01 37.  The 
value  of  the  mean  velocity  in 
this  conduit  is  closely  given  by 
the  expression  0  =  iji/'^  ^''', 
where  s  is  the  observed  slope 
of  the  water  surface.  This 
slope  during  the  experiments 
Fig.  I3a4.  varied  from  0.0001 1  to  0.00036, 

the  aqueduct  being  laid  on  a 
of  0.000095.  This  conduit  is  of  concrete  which  was 
cast  against  smofjlh  wooden  forms,  the  invert  being  made  of 
acrccded  and  troweled  concrete. 

Owing  to  the  fouling  of  such  conduits  as  the  result  of  vege- 
tible  growths  and  the  deposition  of  material.'*  from  the  water,  a 
diminution  in  capacity  of  from  10  to  30  percent  with  age  may  be 
expected,  and  accordingly  corresponding  allowances  should  be 
made  in  the  design. 

It  is  to  be  noted  that  Kutter's  formula  (Art.  1 18)  indicates  that 
C  sleatlily  increases  with  the  hydraulic  radius  if  «  and  the  slope 
be  con.stant.  The  results  of  the  experiments  aho\T  quoted,  how- 
ever, indicate  that  c  becomes  constant  and  has  a  maximum  value 

*  By  courier  of  J«n9  City  Waiet  Supply  Company,  Fktcnoa.  N.  J. 
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<if  not  far  from  140  for  new  and  smooth  concrete  channels  with 
Ajilraulic  radii  larger  than  3.0  feet.     (See  Art.  121.) 

For  computations  on  cunaete- Lined  irrigation  ditches  and 
■^lals  Kuttcr's  fonnulit  is  generally  used,  Meiisurvmcnts  by  the 
^-  S.  DcpartmcDt  of  ARricuIturc  *  show  that  «  ranRca  from  o.io  to 
^■019,  alwul  0.014  being  an  average  value  for  new  and  smooth 
*otk,  and  that  c  ranges  from  150  to  60.  For  such  ditches  there  is 
^Uth  variation  in  slopes,  and  the  hydraulic  radiua  h  usually  less 
"Jan  J  (cet.  Table  119  may  be  used  to  find  iiiijiroximate  values  of 
c  for  such  channels.   Growths  of  moss  or  deposits  of  sand  increase  «. 

For  wooden  flumes  about  the  same  range  in  values  of  n  and  c 
tt  found,  the  amount  of  slime  or  moss  on  the  sides  exercising  much 
influence.  Metal  flumes  without  projecting  bands  usually  give 
values  of  M  less  than  o.oi,j. 

Trob.  133.  Compute  ibe  mean  velocity  in  the  New  Croton  .Aqueduct 
*bcn  it  is  >Iowinf[  one-half  full. 

Art.  124.    Other  Formulas  for  Channeu! 
Many  attempts  have  been  made  to  express  the  mean  velocity 
and  discharge  in  a  channel  by  the  formu'aa 
v  =  Cr*s'        q=aCr'i' 

where  x  and  y  arc  derived  from  the  data  of  observations  by  pro- 
cesses similar  to  those  explained  in  .^rt.  42.  As  a  rule  these  at- 
tempts have  not  proved  successful  except  for  special  classes  of 
conduits,  as  the  exponents  of  r  and  s  vary  with  different  values 
of  f  and  with  different  degrees  of  roughness.  For  conduits  having 
the  same  kind  of  surface  a  formula  of  this  kind  may  be  established 
which  will  give  good  results.  The  values  x  =  f  and  x  =  J  are 
frequently  advocated,  y  being  not  far  from  J;  with  such  values 
C  is  found  to  vary  less  for  certain  classes  of  surfaces  than  the  c 
of  iJic  Chez)'  formula,  and  this  seems  to  be  the  only  strong  argu- 
ment in  favor  of  cxponentiu)  formuhiA. 

Among  the  many  exponential  formulas  which  hiive  been  advo- 
cated, tho^e  derive<i  by  Fow  may  be  cited.  For  surfaces  correspond- 
ing to  Kutter's  values  of  «  less  Ihan  0.017  he  lintL^l 


Crh 


or 


V  =  C^r\* 


*  SKxttey,  bi  Bulletin  194  (WasbinKloii,  1915).  pi).  iq-jo, 

♦  Jmutiai  of  Aswilalion  of  Enpnccring  Sorktira,  iSw.  vd.  13,  p.  sgj.' 


304 


Chap.  9.      Flow  ia  Cooduits  and  Canals 


in  which  C  has  the  (ollovring  values; 

for  >i  =0.009     o.oio     o.oii      0,012     0.013     t>-0^5     o.otT 
0=33000    19000    15000    taooo     loooo     Sooo       6000 

For  surfaces  corresponding  lo  Kultcr  's  values  of  n  ^cater  than  aoii 
his  formula  is 

w*  =  C>'j        or       v  =  C^T*t^ 


and  Ihe  values  of  C  for  this  case  are 


for 


n  =  0.030 
C=  5000 


0.025 
3000 


0.030 
sooo 


0-03  S 
1000 


For  circular  sections  running  full  he  also  proposes  the  formula  i  = 
o.oob^qV  /d^.    These  formulas  are  open  to  objection  on  account 
the  great  range  In  the  values  of  C. 

Tulton*,  as  the  result  of  a  study  of  many  experiments,  projxtsetE 
the  formula  r=*Cr  '""V",  where  s  and  r  represent  the  slope  and 
hydraulic  radius  as  in  the  Chczy  formula.  The  values  of  m  ranged, 
from  0,48  for  tarred  iron  pijies  to  0.58  for  pipes  of  lead,  tin,  and  anc, 
the  average  for  all  cases  bring  m  =  0,54.  Using  this  value,  the  for- 
mula became  ^  n.«  am 

for  which  the  value  of  C  was  given  as  from  137  to  153  for  new  cast- 
iron  |>ipcs,  from  83  to  98  for  lap-rivctcd  iron  pipes,  from  127  to  153 
for  wootlen  pipes,  and  alx>ut  iSS  for  lead,  tin,  aftd  zinc  pipes. 

Williamii  and  Hazen  f  have  discussed  experiments  on  both 
pipes  and  open  channels,  and  have  proposed  an  exponential  for- 
mula that  is  equivalent  to 

in  which  c  has  different  values  for  different  surfaces  and  sections, 
but  its  range  of  values  is  less  than  that  of  the  c  of  the  Chez>' 
formula.  The  values  of  c  and  c  arc  the  same  when  r  is  i  fool  and 
J  ia  o.ooi.  The  greater  the  roughness  of  the  surface,  the  smaller 
is  c ;  in  general,  c  is  supposed  to  vary  but  little  for  different  \-alues 
of  r.  The  following  shows  the  range  ot  the  mean  s-alucs  of  t 
found  from  the  records  of  experiments  with  different  surfaces: 

*  TninMClKm*  Engineer*'  Society  ol  WwWrn  New  Vorfc,  April,  1896. 
t  llydniulic  Tabid,  New  York,  1910. 


I 


Other  Formulas  for  Channels.     Art.  134 


For  coated  new  cait-iruti  pipes, 

For  tub«rculnti;<l  cast-iron  pipes, 

For  riveted  japes. 

For  wooden  atavt-  pipes, 

For  new  wtmijfhl -iron  pipes, 

For  lire  hoso.  rulibtr  lined. 

For  ma.st>nry  aqueducts, 

For  brick  sewers, 

Forpliitik  iiqueducU,  unptancd, 

For  masonry  sluiceways, 

For  Gtnals  in  earth. 


from  III  to  146 
from  16  to  III 
from  97  to  143 
from  II j  to  iiQ 
from  1 13  to  [  24 
from  116  to  140 
from  1 18  to  145 
from  loi  to  141 
from  113  to  130 
from  34  to  75 
from    ,u  to    71 


'•  «Je  authoTs  of  this  formula  suggest  that  in  computations  for 
I**lJe  capacity  c  be  tnkea  as  100  for  cast-iron,  95  for  riveted  steel, 
^  a©  for  wooden,  no  for  vitrified  pipes,  too  for  brick  sewers,  and 
'  3o  for  first-class  masonry  conduits. 

The  circumstance  that  values  of  C  in  some  of  the  exponen- 
tial formulas  of  this  article  have  a  smaller  range  of  values  than 
^Hc  c  of  the  Chezy  formula  is  sometimes  cited  as  an  argument 
**i  their  favor.  While  tlus  is  a  good  argument,  the  fact  must 
I  *iot  be  overlooked  that  probably  the  true  theoretic  formula  for 
I  tkan  velocity  in  a  pipe  or  channel  is  of  the  form  noted  in  the 
I      ^t  paragraph  of  Art.  110. 

I  Id  conclusion,  it  may  be  noted  that  when  the  velocity  is  very 

I  bw,  the  Chezy  formula  is  not  valid.  In  such  a  case  the  velocity 
^K  does  not  vary  with  the  square  root  of  the  slope,  but  with  its  first 
^H  power,  the  same  conditions  obtaining  as  in  pipes  (Art.  110).  \ 
^V  glacier  moving  in  its  bed  at  the  rate  of  a  few  feet  per  year  has  a 
\*eIocity  directly  proporUonal  to  its  slojw.  Water  flowing  in  a 
channel  with  a  velocity  less  than  one-quarter  of  a  foot  per  second 
follows  the  same  law,  and  the  formulas  of  this  chapter  cannot  be 
applied.  The  formula  for  this  case  is  c  =  CHj.  but  values  of  C 
are  not  known.  It  is  greatly  to  be  dasired  that  series  of  cxperi* 
ments  should  be  made  for  determining  values  of  C. 

pTob.  134.     Compute  the  fall  of  the  water  surface  in  a  lenglii  of  1000 

feet  for  a  ditch  where  v  =  i.6i  (cct  per  second,  r  =  1,75  feet,  and  n  -  o,o»s; 

by  Williams  and  IIa»;n'«  formula,  and  second,  by  formula  (  22)  and 

Sazin'a  cocfScknts. 


I 


^ 


O 
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Art.  134 J.    Diel's  Fobhula 
In  1907  Biel  proposed  "  a  new  formula  for  6ow  in  pipes  and 
channels;  in  Engli&h  measures  it  is 

3281 M 


!►»  = 


,   i-^"/  ,  14.85* 

0.12  +  — r^  +7 — ,  .\    r 
V  r  (100/  +  3)pVr 


(I24i) 


in  whicli  v  is  the  mean  velocity,  r  the  hydraulic  radius,/  a  factor 
of  roughness  of  the  channel,  and  k  a  quanlily  which  expressc 
the  viscosity  of  the  fluid.    The  following  are  values  of  k  fof 
water: 

At  32"  F.,  k  =  0.0179;    at  50°  F.,  *  =  0.0135;  at  68"  P., 
k  =  0.0100,  and  the  values  of  the  factor  of  roughness  are: 

/  =  0.018  [or  plaiitil  matched  boards  and  WTOUghl-iron  pipes; 

/  =  o.oj6  for  new  rasl-iron  pijics  and  anooth  cement  pipes; 

/  =  0.054  for  rough  boards  and  smooth  brickwork; 

/  =  0.0J3  for  smooth  m:isonry  or  brick  channels; 

/  =  0.19    for  rough  masonry  and  earlh  canals  with  bank  walb; 

/  =  O.JO    for  canals  in  isirth  and  regular  stream.i; 

/  =  0.75    for  canals  and  rivers  wilh  stones  and  weeds; 

/  =  1.06    for  canals  and  rivers  in  bad  condition. 

In  1914  Camerer  published  \  an  extended  table  from  which 
valuesof  the  denominator  in  (124  J)  can  be  t^en  for  given  values 
of/  and  f,  a  rough  value  of  v  being  first  assumed.  This  triple- 
entry  table  is  not  a  satisfactory  one  and  hence  no  attempt 
will  be  made  here  to  put  it  into  English  measurci.  It  will 
observed  that  (I24J)  is  a  quadratic  equation  with  ti  as  the  un- 
known quantity,  and  hence  it  appears  to  the  authors  that  the 
most  feasible  plan  is  to  solve  the  equation  for  each  case  as  it 
arises.    For  this  purpose  let 

743^ «  __         3281  ^s 


le- 
he| 


M  = 


N  = 


(100/  +  2)  (o.iiVr  +  i.&iif)  o.t2Vr+  1.811 

and  then  the  solution  of  the  quadratic  equation  gives 

V  =  -  M  +  VN  +  M"    or  closely    v  =  -  M  +  VN 

*  Zcluchrift  Vcrcin  dcuUchcr  logcnlcuic,  Mitthciluuxen  Ubcr  Forsclur- 
bdtui,  H«[t  44. 

t  Wassctkrof Uneschlnen  (Berlin,  1914),  pp.  104-110. 


Art.  1244-    Biel'a  Formula 

For  example  take  a  rectangular  trough  of  unplaned  timber  3.93 

feet  wide  on  a  slope  of  4.9  feet  per  10.0  feet,  the  water  being  1,29 

^cel  deep.    Here  r  =  0.779  feet  and  s  =  0.0049.    Tlien,  /  being 

o-Oj4,  the  value  of  M  for  50"  F.  is  0.067,  ^^^  of  JV  is  54.32, 

and  the  mean  velocity  v  is  7.30  feet  per  second.     For  the  same 

data  Kutter's  fonnula,  with  n  =0.012,  gives  7.60  feet  per 

Second  and  Bazin's  formula,  with  m  =  0.16,  gives  7.09  feet  per 

*<^C(ind.    Since  the  observed  velocity  was  7.23  feet  per  second 

Kiel's  formula  yields  the  best  result  for  this  case. 

Biel  gives  the  following  as  showing  the  relation  between 
Ills /and  Kutter's  »: 


Eultcr's  n 

o.oio    o.oi}    0.013 

o.oao 

o.o»s 

O.OJO 

o-fliSS 

Bid**/ 

o.oiS    0.054    0,071 

0,  jg 

0,50 

0.7s 

1.06 

X^at  this  is  not  quite  satisfactory  for  rivers  is  shown  by  the 
&ijc  following  comparisons  in  which  Kutter's  n  is  known.* 


r  in  feet 

t 

obs.  p 

ft 

t  by  Biel, 
f=SO° 

Rhine  DetU 

■  i.oS 

0.0001044 

3.16 

o.o>5 

3.05 

MiHCuri  River 

17-70 

o.ooo»jj7 

6.10 

O.oaj 

6. as 

Rhine  at  Bade 

e.s« 

o.ooiiiS 

6.38 

0.030 

6.14 

l»ai  River 

1-S6 

0.002500 

4.03 

0.030 

3-S9 

UiuiHippi  River 

14.10 

0.0000835 

SS9 

0.03s 

3-S7 

Saluch  River 

3.87 

0  001796 

4'45 

«  03S 

4.sS 

Biel  claims  that  his  formula  applies  to  the  flow  of  oil  and 
''Uids  in  pipes  as  well  as  to  water,  and  also  to  air  ancl  gases, 
f^>T  such  cases,  however,  the  factor  k  in  the  formula  is  quite 
•different  from  the  values  staled  above  for  water,  it  being  the 
'^.tio  of  the  viscosity  factor  of  the  liquid  or  gas  to  ita  specific 
E»"a\it>'.  Biel's  formula  shows  that  a  rise  of  temperature 
"^creases  the  mean  velocity  of  any  liquid  or  gas. 

IVob.  121).  In  U.  S.  Geological  Survey  Paper  No.  18  is  given  a  record 
"'  ihe  gaging  of  the  Bear  River  in  Idaho,  where  the  bed  was  of  day  and 
^'"livel;  the  hydraulic  rndius  was  3.31  feet,  the  slope  was  0.00062.  and  the 
""Served  mean  velocity  was  2.36  feel  per  second.  Compute  the  mean 
*'«slocity  by  llie  forrouks  ot  Kuller,  Baein  and  Biel. 

•  Ginguillel  and  Kuucr's  Flow  ot  Wtttet,  ttaaBlated  by  Bering  and 
Ttiutwioe,  New  Vott,  lyoi, 
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AsT.  125.    Losses  or  Head 

The  only  loss  of  head  thus  far  considered  is  that  due  to  frictka, 
but  other  sources  of  loss  may  often  eiist.    As  iu  the  1km  in  pqxi, 
these  may  be  dassi&ed  as  losses  at  entrance,  losses  due  to  cum-    ' 
ture,  and  losses  caused  by  obstructions  in  the  channel  cs  bjr 
changes  in  the  area  of  cross-section. 

When  water  is  admitted  to  a  channel  bom  a  reservoir  at  pond 
through  a  rectangular  sluice,  there  occurs  a  ctmtraction  similir 
to  that  at  the  entrance  into  a  pipe,  and  which  may  be  often  ob- 
served in  a  slight  depression  of  the  surface,  as  at  Z>  in  Fig.  125a. 

At  this  point,  therefore,  the  »■ 
^b^^^^-P^,  locity  is  greater  than  the  mean 

^^^^^^^^^^^^^S    velocity  v,  and  a  loss  of  energy 

or  head  results  from  the  subse- 
"L   j2g^  quent  expansion,  which    is  ^>- 

proximately  measured  by  the 
difference  of  the  depths  di  and  dt,  the  former  bdng  taken  at  the 
entrance  of  the  channel,  and  the  latter  below  the  d^res^on 
where  the  uniform  flow  is  fully  established.  According  to  the 
experiments  of  Dubuat,  made  late  in  the  eighteenth  century, 
the  loss  of  head  for  this  case  is 

fli  —  Oj  =  m — 

in  which  m  ranges  between  o  and  a  according  to  the  condition 
of  the  entrance.  If  the  channel  be  small  compared  with  the 
reservoir,  and  both  the  bottom  and  side  edges  of  the  entrance 
be  square,  m  may  be  nearly  2 ;  but  if  these  edges  be  rounded, 
m  may  be  very  small,  particularly  if  the  bottom  contraction  is 
suppressed.  The  remarks  in  Chap.  5  regarding  suppression  of 
the  contraction  apply  also  here,  and  it  is  often  important  to  pre- 
vent losses  due  to  contraction  by  rounding  the  approaches  to 
the  entrance.  Screens  are  sometimes  placed  at  the  entrance  to 
a  channel  in  order  to  keep  out  floating  matter ;  if  the  cross-sec- 
tion of  the  channel  is  n  times  that  of  the  meshes  of  the  screen, 
the  loss  of  head,  according  to  (76)i,  is  («  —  i)V/2^. 


Fie-  12&i. 


Losses  of  Hoad.     Art.  126 


The  loss  of  head  due  to  bends  or  curves  in  the  channel  is  small 
if   the  curvature  lie  slight.     Undoublcdly  every  curve  offers  a 
resistance  to  the  change  in  direction  of  ihc  velocity,  and  thus 
"■fcquifes  an  additionai  head  to  cause  the  flow  beyond  that  needed 
tc»    overcome  the  frictional  resistances.     Several  formulas  have 
'*Ocn  proposed  to  express  this  loss,  but  they  all  seem  unsatisfactory. 
''■nd  hence  will  not  be  presented  here,  particularly  as  the  data 
^or  determining  their  constants  are  very 
s<ant.     It  will  be  plain  that  the  loss  of 
head  due  to  a  curve  mcreases  with  its 
li-ngth,  as  in  pipes  (Art.  fli).    When  a 
ibnncl  turns  with  a  right  angle,  as  in 
Fir.  1256,   the   loss   of    head   may   be 
lakcn  as  equal  to  the  velocity-head, 
since   the  experiments  of  Weisbach  on  such  bends  in  pipes  in- 
dicate thiU  value.     In  this  case  there  is  a  contraction  of  the 
stream  after  passing  the  corner,  and  the  subsetiuent  cxpansbu 
of  section  and  the  resulting  impact  causes  the  loss  of  head. 


The  losses  of  head  caused  by  sudden  enlargement  or  by  sud- 
den contraction  of  the  cross-section  of  a  channel  may  be  estimated 
by  the  rules  deduced  in  Arts.  7(i  and  77.  In  order  lo  avoid  these 
I0S.SCS  changes  of  section  should  be  made  gradually,  so  that  energy 
may  not  I>c  lost  in  impact.  Obstructions  or  submerged  dams 
may  be  regarded  as  causing  sudden  changes  of  section,  and  the 
accompanying  losses  of  head  are  governed  by  similar  laws.  The 
numerical  estimation  of  these  losses  wiU  generally  be  difficult, 
but  the  principles  which  control  them  will  often  prove  useful 
in  arranging  the  design  of  a  channel  so  thai  the  maximum  work 
of  the  water  can  be  rendered  available.  But  as  all  losses  of  head 
are  directly  proportional  to  the  \'clocity-hcad  v'/2g,  it  is  plain 
that  they  can  bo  rendered  inappreciable  by  giving  to  the  channel 
such  dimensions  as  will  render  the  mean  velocity  very  small. 
This  may  sometimes  be  important  in  a  short  conduit  or  flume 
which  conveys  water  from  a  pond  or  reservoir  to  a  hydraulic 
motor,  particularly  in  cases  where  the  supply  is  scant,  and  where 
all  the  available  head  is  required  to  be  utilized. 
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If  no  tosses  of  h«ad  exist  excepl  that  due  to  friction,  this  can 
be  computed  from  ( 1 1.3)  if  the  velocity  v  and  the  coefficient  c  be 
known.  For  since  the  value  of  s  is  v'/c'r  and  also  k/l.  where  k 
is  the  fall  expended  in  overcoming  friction,  A  may  be  found  from  J 

i,=ls  =  lvyc^  (125). 

but  this  computation  will  usually  be  liable  to  much  error. 

As  an  example  of  the  computations  which   sometimes   occur ' 
in  practice  the  following  actual  case  will  be  discussed.    Fmm  a  canal  j 


FIs.  iSSe. 


A  water  is  carried  through  a  cast-iron  pipe  B  to  an  open  wooden  fore- 
bay  C,  where  it  passes  through  the  orifice  D  and  falb  upon  an  over- 
shot wheel.  At  the  mouth  of  the  pipe  is  a  screen,  the  area  between  the 
meshes  being  one-half  that  of  the  cross-section  of  the  pipe.  The  pii>e 
is  3  feet  in  diameter  and  32  feet  long.  Tlie  forebay  is  of  unplaned 
timber,  5  feet  wide  and  38  feet  long,  and  it  hasthrceright-iuigled  Iwnds. 
The  orifice  is  5  inches  deep  and  40  inches  wide,  with  standard  sharp 
edges  on  top  and  sides  and  contraction  sujiprcsscd  on  lower  side  so  that 
its  coefficient  of  contraction  is  about  0.68  and  its  coefficient  of  velocity 
about  0.98.  The  water  level  in  the  canal  being  3.75  feet  above 
bottom  of  the  orifice,  it  is  rcqiurcd  to  fmd  the  loss  of  head  bet' 
the  points  A  and  D, 

The  total  head  on  the  center  of  the  orifice  is  3.75— 0.J0S  =  3.542 
feet.  Let  vi  be  the  mean  velocity  in  the  piije,  v  that  in  the  forebay, 
and  V  that  in  the  contracted  section  beyond  the  orifice.  The  area  of 
the  cross-section  of  the  pipe  is  7.07  square  feet ;  that  of  the  forebay, 
taking  the  dq>th  of  water  as  3.7  feet,  is  18.5  square  feel,  and  that  of 
the  contracted  section  of  the  jet  issuing  from  the  orifice  is  0.945  square 
feet.  It  will  be  convenient  to  express  all  losses  of  head  in  terms  of  the 
velocity-head  t?/:tg,  and  hence  the  first  operation  is  to  express  Pi  and 
Fin  terms  of  p.  or  Pi  =  i.6ii'and  V  =  19.60.  Starting  with  the  screen, 
the  loss  of  head  due  to  expansion  of  section  after  the  water  passes 
through  it  is,  by  Art.  76, 


^r^im-vir^^  ± 


H 


H 


LoasoK  of  Hciul.     Art.  126 


309 


The  loss  of  head  in  fnction  in  Ihe  pipe,  using  o.oi  for  thefriction  factor, 
is,  by  Art.  90, 

dig  2g 

The  loess  of  bead  in  the  expansion  of  section  from  the  pipe  to  the  fore- 
bay  i»,  by  Art.  76, 

H  H 

The  loss  o(  head  in  friction  in  the  forebay,  taking  c  from  Tabic  122 
for  the  hydraulic  radius  t.5  feet  and  degree  of  roughness  m  =  0.16,  is 
then  found  to  be 


• 


The  loss  of  head  in  the  three  right-angled  bends  of  the  forcbay  is  esti- 
mated, as  above  noted,  by 

The  loss  of  head  an  the  edges  of  the  oritice  is,  by  Art.  56, 
A' =  0.041  — =  iS-9  — 

Sow  the  total  head  is  expended  in  these  lost  heads  and  in  the  vdod^- 
faead  of  the  jet  is&uing  front  the  orifice,  or 

v*  ,  V*  r* 

3.543  =  a9-9 — I — -  =  417— 

from  which  the  value  of  v'/jg  is  found  to  be  0.0085:  feet.  Finally 
the  tola!  lots  of  head  or  fall  in  the  free  surface  u(  the  water  before 
reaching  the  orifio;  is 


(29.9—  15.9)  —  =  14.0X0.0085:  =  0.119  ^«ct, 
H 


and  therefore  the  water  surface  at  D  is  0.119  f*^'  lower  than  that  at 
A,  and  the  pressure-head  on  the  center  of  the  orifice  is  3,433  feet. 
This  i*  the  result  of  the  computations,  hut  on  making  measurements 
with  an  engineer's  level  the  water  surface  at  Z>was  found  to  be  0.135 
feet  lower  than  that  at  A  ;  the  error  of  the  computed  result  is  ther& 
lore  0.006  feet. 

Prab.  12».  Compute  fram  the  above  data  the  velocities  v,  Vi.  and  V, 
and  the  disrh.irip:  IhrouRh  the  orifice.  Show  that  ihc  head  lost  in  passing 
through  the  screen  was  0.0  jo  feet,  whldi  is  about  one-half  of  the  total. 
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Art.  126.    VELOcrriES  m  a  Cross-section 

For  a  circular  conduit  running  full  and  under  pressure 
velocities  in  dilTerent  parts  of  the  section  var>-  similarly  to  those 
in  pipes  (.\rt,8G),  When  it  is  partly  (ull,  so  thai  ihc  water  flows 
with  a  free  surface,  the  air  resistance  along  that  surface  i»  much 
smaller  than  that  along  the  welled  perimeter,  and  hence  the  sur- 
face velocities  are  greater  than  those  near  the  perimeter.  Fig. 
126a  illustrates  the  variation  of  velocities  in  a  cross-section  of  the 


WMLEffFrUr 


=1= 


J 


Sig.  12&J. 

Sudbury  conduit  when  the  water  wa.'s  about  3  feet  deep,  as  deter- 
mined by  llie  gagings  of  Fteley  and  Stearns.*  The  97  dots  arc 
the  points  at  which  the  velocities  were  measured  by  a  current 
meter  (Art.  40),  and  the  velocity  for  each  point  in  feet  per  second 
is  recorded  below  it.  From  these  the  contour  cur\'cs  were  tirawn 
which  show  clearly  the  manner  of  variation  of  velocity  throughout 
this  cross-section.  Since  the  dots  are  distributed  over  the  area 
quite  uniformly,  that  area  may  be  regarded  iis  divided  into  07 
equal  parts,  in  each  of  which  the  velocity  is  that  obsor\'ed,  and 
hence  the  mean  of  the  97  observations  is  tJie  mean  velocity  (Art.  M 
39).  Thus  is  found  f  =  2.620  feet  per  second,  and  this  is  85  per 
cent  of  the  maximum  observed  velocity. 

Similarly  Fig.  1266  shows  the  results  of  an  experiment  on  the 
New  Croton  Aqueduct.f    In  this  case  the  average  \xlocity  de- 

•TansBClions  American  SocEcty  of  Civil  Eiwnitra,  iSSj.vol.  ti,p.^i4. 
f  R<por(oiThe  Aqueduct  CommisuoQcrs,  New  Vork,  1^5-1907. 
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termined  from  the  uS  individunl  obsen-ations  is  3.570,  anti  this 
h  89  percent  of  the  maximum  observed  velocity,  A  description 
of  the  methods  foliowed  in  making  the  gagings  on  this  aqueduct 


I        1        « 

KJklX.  OF  rttr 
Pig.  12U. 

>s  to  be  found  at  page  106  of  vol.  66,  Transactions  American  So- 
ciety of  Civil  Engbcers.    See  also  Art.  123. 

An  examination  of  the  distribution  of  velocities  in  Fig.  1265 
indicates  that  the  maximum  velocity  docs  not  occur  at  the  ceriler 
of  the  cross-section.  This  is  due  to  the  fact  that  the  aqueduct 
at  the  point  where  the  gaging  was  taken  is  located  on  a  curve 

■which  tends  to  throw  the  maximum  velocity  away  from  the 

Center  and  toward  the  ouUide  of  the  curve. 
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If  all  the  filaments  of  a  stream  of  water  in  a  ctannel  ha\'e  the 
same  uniform  velocity  v,  the  kinetic  energy  per  second  of  the  flow 
is  the  weight  of  the  discharge  multiplied  by  the  veiocity-head ;  or 

2g  2g  2g 

in  which  W  is  the  weight  of  the  water  delivered  per  second,  w 
is  the  weight  of  one  cuhic  unit,  g  the  discharge  per  second,  and  a 
the  area  of  the  cross-section.  For  this  case,  therefore,  the  energy 
of  the  flow  is  proportional  to  the  area  of  the  cross-section  and  to 
the  cube  of  the  v'elocity,  Sirice,  however,  the  filaments  have 
different  velocities,  this  expression  may  be  applied  to  the  actual 
flow  by  regarding  v  as  the  mean  velocity.  To  show  that  this 
method  will  be  essentially  correct,  Fig.  120a  may  be  discussed, 
and  for  it  the  true  energj*  per  second  of  the  flow  is 

97  \^g     H  ^S 

nnw  the  ratio  of  this  true  Icinctic  energy  to  the  kinetic  energy" 
expressed  in  terms  of  the  mean  velocity  is 


K' 


29  ) 


K  gp^ 

By  cubing  each  individual  velocity  and  also  the  mean  velocity, 
there  is  found  A''  =  0.9092/^,  so  that  in  this  instance  the  two 
energies  are  practically  equal,  and  hence  it  is  probable  that  in 
most  cases  computations  of  energy  from  mean  velocity  give 
results  essentially  correct. 

Prob.  l^fi.  Draw  a  vertical  plane  ihroufih  the  middle  of  Fig.  1266 
and  construi  I  ;i  longitudinal  verlical  section  showing  ihi;  dislribulion  o(  ve- 
locities. Also  draw  n  horiiionlal  plane  throush  the  Kffoo  of  mnximum  ve- 
locity and  ton.ilrut-1  a  lungiludinal  horicontal  section.  Ascertain  whether 
the  curves  of  velocJIy  for  these  section*  are  \xft  reiircsentnl  by  parabolas 
or  by  elltpaes. 

Art.  127.   Coupltations  in  Metric  Measoties 

(Art.  113)  'Flic  cot-flicient  c  in  ihe  Chezy  formula  dei>onds  upon 
the  linear  unit  of  measure.  Let  c,  be  the  value  when  0  and  r  are  ex- 
pressed in  feet  and  Cj  the  value  when  v  and  r  are  expres.<«cd  in  meters. 
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a»d  let  g^  and  {i  be  the  comspondioK  valuer  of  tlie  acceleration  of 
gravity.    Then  since  c  =  VS^//,  it  is  seen  that 


: 


ct  =  CiVfyUi  =  Civ'9-8o/32.i6  =  0.5SJC1 

Hence  any  value  of  c  in  the  English  system  may  lie  transformed  into 
the  corresponding  metric  value  by  niulliptying  by  0.55?.  The  metric 
value  of  c  for  conduits  and  canals  usually  lies  between  16  and  100. 

(Art,  114)  Tabic  I27a  gives  values  of  the  Chcay  coefficient  c 
for  circular  conduits,  full  or  half  full.  In  using  it  a  tentative  method 
must  be  employed,  and  for  this  purpose  there  may  be  used  at  lirst, 

mean  Chexy  cocfticient  c  =  68 

and  then,  after  v  has  been  computed,  a  new  value  of  c  Is  taken  from  the 
table  and  a  new  v  is  found.  For  example,  let  it  be  required  lo  find  the 
velcxity  iuid  discharge  of  a  circular  conduit  of  i.;  meters  diameter 
when  laid  on  a  grade  of  0.8  meters  in  1000  meters.     First, 


l»  =  65X  JVi-S  X  0.0008=  I. iS  meters  per  second, 

and  for  this  velocity  the  table  gives  about  77  for  c.  A  second  compu- 
tation then  gives  v  =  1,33  meters  per  second  and  fram  the  table  c 
is  78.1.  With  this  value  is  found  v  =  i.jj  meters  per  second,  which 
may  be  regarded  a,*  the  final  result.  When  running  full,  the  discharge 
ol  this  conduit  is  0.7S54  X  1.5*  X  1.35  =>  1.39  cubic  meters  per  second. 


» 


Table  127j.    Chezy  Coe?picients  fob'Cibcclar  Conduits 

Melric  Measures 


to 

Velocity  in  Meiin  p«  S«ooil 

Hewn 

B4 

06 

0.0 

'  i 

J. a 

u 

o-i 

S3 

!7 

60 

63 

67 

A8 

OS 

57 

6i 

64 

67 

71 

73 

0.7 

6i 

6S 

68 

71 

;6 

78 

0-9 

6« 

68 

70 

74 

79 

81 

I.I 

M 

70 

;3 

76 

81 

8j 

"■3 

68 

J> 

74 

78 

8i 

1^ 

U 

H 

77 

80 

ajo 

U 

J7 

79 

83 

t-t 

?* 

79 

Sa 

8t4 
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(Art  115)  Table  115  is  the  same  for  all  systems  of  measures. 
The  results  in  Art.  115,  for  Bazin's  semidrcular  ccHiduita  ot  1.3$ 
meters'  diameter  on  a  sl<^  s  =  0.0015,  &re  as  fdlows,  when  all  dimen- 
aions  are  in  meters : 


Far  cement  lining 

d'         r         9  c 

0.61  j    0.314    1.85  8s 

0.491    0.164    1.6 1  8t 

0.314    0.18s    i.a?  76 

0.180    o.iti    a.91  71 


For  Boortar  finiiif 

t  T  »  C 

0.6^5  0.311  1.69  7S 

0.SIS  o.i7S  i-Si  IS 

0.33]  0.194  i-iS  6g 

0.186  o.[i6  0.88  66 


Here  the  coefficient  c  for  any  depth  ^  may  be  roughly  exi»essed  by 
Cj— 3o(J(/— d'),  where  Ci  is  the  coefficient  for  the  conduit  half  full. 

(Art.  116)  Table  1276  gives  metric  values  of  c  for  wooden  and 
rectangular  sections  on  a  stc^  s  =  0.0049,  ^  determined  by  the  woA 
of  Darcy  and  Bazin. 

Table  1276.    Chbzy  Coefticients  c  tor  Rectakgdlax 

Conduits 

Metric  Mcasuies 


UnpUnd  Plaak 

UbpUbbI  Pltnk 

NealCnwnt 

Bikk 

k  -  i.i  HsUn 

t-iHetcn 

t-i.SHEta 

(-■4Hetai 

i 

c 

i 

* 

i 

c 

4 

< 

o.oS 

ss 

0.06 

49 

0.06 

64 

□.06 

49 

■»S 

60 

■09 

S6 

.08 

69 

.09 

54 

.18 

61 

■■3 

6a 

■'3 

73 

■IS 

57 

■»7 

63 

.18 

61 

.17 

74 

■17 

S8 

.30 

63 

.10 

64 

•9 

75 

.20 

58 

.36 

64 

■»4 

64 

.31 

75 

.11 

59 

■39 

6S 

■»7 

6S 

-*4 

76 

.36 

60 

.44 

6S 

.29 

66 

.37 

76 

■30 

61 

(Art.  117)    In  designing  channels  in  earth  the  following  values 
may  be  used  for  preliminary  computations : 


for  unplaned  plank, 

for  smooth  masonry, 

for  dean  earth, 

for  stony  earth, 

for  rough  stone, 

for  earth  foul  with  weeds 


c  =  SS  to  66 
c  =  so  to  61 
C  -  33  to  40 
c-  ai  to  33 
c  =  19  to  38 
C-  17  to  38 
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(Art.  118)    When  r  is  in  mrtcrs  and  r  in  meters  per  second,  Kut- 
tcr's  formula  takes  the  form 


C  = 


l  +  a3  +  o^°15S 
«  s 


1  + 


B  /       ,  o,ooiss\ 


(127), 


in  wrhich  tlie  nuinber  n  depends  upon  the  roughness  of  the  aurfacei 
Its  values  being  those  given  in  Art.  118.  It  may  be  noted  that  when 
the  hydraulic  radium  r  i.*  one  meter,  the  value  of  c  is  i/m. 

(Art.  119)  Metric  coefficients  for  sewers  will  be  found  in  Table 
127c.  As  these  are  given  to  the  nearest  unit  only,  the  error  in  using 
them  is  slightly  Rreatcr  than  with  the  larger  coefficients  of  the  English 
system.  In  import^it  ca»e&  the  values  of  c  may  be  directly  computed 
from  Kutter's  formula. 


Table  127f.    Kutteb's  CoEFnaKNis  c  fob  Sewehs 

Metric  Measures 


Ilviliiulic 
RarJim  r 
ia  Ucten 

t  —  arJOCOf 

r  —  aocDE 

J  —  001 

■  "BfltS 

■  —aati 

■  -•aAij 

a  —  oatr 

K'QdlS 

•1  — SA17 

O.OJ 
O.l 

o.a 

as 

I.O 

36 

34 
30 
43 

40 

sf> 
6; 

11 

at) 

33 
38 

4* 
48 

54 
S9 

31 
37 
43 
46 
S' 
S7 
6j 
67 

3» 
36 
40 
44 
SO 
53 
S8 

37 
43 
48 
SI 
55 
60 

63 

66 

30 

36 
40 
43 
48 
Si 
S6 
S9 

(Art.  120)    Table  127d  in  metric  measures  corresponds  to  Table 
120  in  English  measures  and  is  used  in  the  same  manner. 

(Art.  121)     The  metric  coefficientsc  for  steel,  casl-iron,  and  wood' 
pipes  may  be  obtained  from  those  in  the  text  by  multiplying  by  0.553, 
while  the  velocities  and  diameters  may  easily  be  replaced  by  metric 
equivalents  with  the  help  of  Table  C  at  the  end  of  this  volume. 

(Art.  122)    The  values  of  c  in  Table  127f  have  been  taken  from 
the  more  extended  table  published  in  1897  by  Bazin,  while  those  in 
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Tabic  122  have  been  computed  by  (115). 

In  metric  measures  Bazin '«    1 

formula  for  channels  is 

M,       r      t*-\/gt                                                                             /*     ^                                      ^7 /     1    V^\ 

i  +  m/Vf 

in  which  m  has  the  same  values  as  those  givTO  in  Art,  122. 

Table  I27</.     Kutter's  CoErnasNis  c  tor  Channels 

Metric  Mca3UT«s 

llT<lniil<c 
Rtdloir 

blUMM 

I  — oaoeai 

t  — oosor 

1  -•  ojM                       1  H 

•  •oai) 

B-oaje 

*— OAIS 

■— aBjB 

■  — osis 

■  -«ja)s 

0.* 

■a 

tS 

M 

»9 

»r 

It 

•J 

*; 

M 

>0 

33 

3< 

H 

o-S 

3» 

»7 

M 

»7 

JS 

a 

O-T 

i» 

3» 

» 

3» 

S8 

31 

I.O 

49 

SS 

40 

33 

40 

33 

IJ 

4j 

3» 

44 

J8 

*i 

S6 

t. 

4S 

A* 

47 

40 

45 

38 

S- 

U 

44 

SO 

44 

47 

40 

i- 

S9 

S» 

Si 

47 

S" 

43 

Table 

127f.    I 

(azin's  C 

OKFnaEi 

JTS  C  POl 

t  Chann 

ELS 

Melric  Measures 


Njidmlk 

IUil»> 

■  -u» 

■  -«■« 

--Oft 

—  ol* 

B-l-M 

■•-1.7^ 

ti.  Miun 

7*.7 

64.. 

4>-9 

«4 

T94 

6W 

S<M 

37.1 

0.6 

B*-7 

7».i 

54-» 

41-4 

3»-S 

0.8 

Sts 

73» 

57^ 

44^ 

si-s 

*g.4 

1.0 

S:.a 

7S-» 

S9.6 

4J.0 

37-» 

31.6 

U 

«i.9 

7*-9 

6i.» 

SI-3 

4i.j 

35.* 

•« 

'3-4 

J«.i 

65.6 

S45 

4S-3 

38.0 

•  3 

SjS 

79.0 

6? -4 

$6.6 

47.7 

41.1 

1- 

«4.a 

79,6 

68.7 

S«-3 

49-7 

43J 

4- 

«4^ 

804 

71-S 

Ol.O 

sa-7 

46.4 

y 

a4.T 

S1.I 

JJ.I 

63.0 

ss» 

4S.g 

«. 

ai4 

73- » 

64.6 

5&S 

SO-1 

1. 

74.S 

6i^ 

SO-S 

53-7 

i«> 

«.s 

61.6 

56.0 
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(Art.  123)  The  metric  formula  for  the  Sudbury  conduit  is 
V  =  So-y-^s"',  and  Foss'  formula  Art.  124  (or  ciroiUr  conduits 
or  large  pipes  when  running  full  is  s  =  0.011%'''" /d^ 

(124J)    The  formula  of  Biel,  iu  metric  measures,  is 


v'  = 


tooors 


0.l2  +  l=-i.  ^ll*. 

Vr        C100/+  2)vVr 

in  whidi  the  values  of /and  k  are  the  same  as  in  Art.  124\.    This 
may  be  solved  as  a  quadratic  equation  by  putting 

1.35A 


M  = 


(100/ +  3)  (o.I3V7  +  /) 


i\'  = 


looor'j 


□.12 


Vr+f 


and  then  v  =  -  At  +  VN  +  W  or  closely  v  =  -M  +  Vx. 

Pmh.  127ii.  Compute  the  vnlue  of  c  for  a  circular  coniluit  t.4  metere 
in  diameter  which  delivers  4.86  cubic  meters  per  second  when  running  full, 
its  slope  being  0.008. 

Prob.  yJ7b.  Kind  the  hydraulic  radius  for  a  circular  conduit  of  1.6 
meters  diameter  when  the  water  is  i.i  meters  deep. 

pTob.  127<r.  If  the  value  of  c  is  30,  compute  the  depth  of  a  trapezoidal 
section  to  carry  10  cubic  meters  i>ct  seconH,  the  slope  i  being  0.0015,  ^ 
bottom  width  double  the  depth,  and  the  sides  making  an  angle  of  .{4"  with 
the  horixoiital. 

Prob  127rf.  A  conduit  lined  with  neat  cement  has  a  cross-section  of 
3'45  sfiuarc  meters  and  a  wetted  perimeter  of  5.0Z  meters  and  its  slope  ts 
O.OOOJJ.  Compute  the  diadiargc  in  liters  per  14  hours,  (a)  by  ILuttcr's 
formula,  (6)  by  Buiin's  formula,  (c)  by  Willianw  and  H.izen's  formula. 
and  (4)  by  Bid's  formula. 
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CHAPTER  10 
THE  FLOW  OF  RIVERS 

AsT.  128.     Genesal  CoMSIDESiLTK>in 

Steady  flow  in  a  river  channel  occurs  when  the  same  quan- 
tity of  water  passes  each  section  in  each  unit  of  time ;  here  the 
mean  velodties  in  different  sections  vary  inversely  as  the  areu 
of  those  sections.  Uniform  flow  is  that  particular  case  of  steady 
flow  where  the  sections  considered  are  equal  in  area.  Uniform 
flow  and  some  other  cases  of  steady  flow  will  be  mainly  considered 
in  this  chapter.  Non-steady  flow  occurs  when  the  stage  of  a 
river  is  rising  or  falling,  and  Art.  134  treats  of  this  case. 

No  branch  of  hydraulics  has  received  more  detailed  investiga- 
tion than  that  of  the  flow  in  river  channels,  and  yet  the  subject 
is  but  imperfecUy  understood.  The  great  object  of  all  these 
investigations  has  been  to  devise  a  simple  method  of  determining 
the  mean  velocity  and  discharge  without  the  necessity  of  expen- 
sive &eld  operations.  In  general  it  may  be  said  that  thb  end  has 
not  yet  been  attained,  even  for  the  case  of  uniform  flow.  Of 
the  various  formulas  proposed  to  represent  the  relation  of  mean 
velocity  to  the  hydraulic  radius  and  the  slope,  none  has  proved 
to  be  of  general  practical  value  except  the  empirical  one  of  Chezy 
given  in  the  last  chapter,  and  this  is  often  inapplicable  on  account 
of  the  difficulty  of  measuring  the  slope  s  and  determining  the 
coc(Hcient  c.  The  fundamental  equations  for  discussing  the 
laws  of  variation  in  the  mean  velocity  v  and  in  the  discharge  q  are 

where  a  is  the  area  of  the  cross-section  and  r  its  hydraulic  radius, 
and  all  the  gcner.il  principles  of  the  last  chapter  are  to  be  taken 
as  directly  applicable  to  uniform  flow  in  natural  channels. 


General  Consideratiom;.     Art.  128 


Sl» 


Kutter's  formula  for  the  value  of  c  is  probably  the  best  in  Ihe 
prtKcnt  state  of  science,  although  it  is  now  generally  recognized 
that  it  gives  too  large  values  for  small  slopes.  In  using  it  the 
coclKcienta  for  rivers  in  goocJ  condition  may  be  taken  from  Tabic 
120,  but  for  bad  regimen  «  is  to  be  taken  at  0.03,  and  for  wild  tor- 
tentsat  0.04  or  0.05,  It  is,  howex'cr,  too  much  to  expect  that  a  sin- 
gle formula  should  accurately  express  the  mean  velocity  in  small 
brooiis  and  large  rivers,  and  the  general  opinion  now  is  thai 
efforts  to  establish  such  an  expression  will  not  prove  successful. 
At  the  present  time  the  formulas  of  Kutter  (Art.  118), 
Baan  {.\tt.  122).  and  Kiel  (Art.  1241)  are  the  only  ones  that 
Can  properly  be  used  for  computing  the  mean  velocity  and  dis- 
charge of  a  river.  'ITie  results  obtained  are  approximations  only, 
and  in  any  imi>urtant  case  it  is  best  to  make  actual  gagings 
.by  the  methods  described  in  Arts.  130-132.  When  these 
foirnulas  are  used  the  width  of  the  stream  is  to  be  divided  into 
^  number  of  parts  and  soundings  taken  at  each  point  of  division. 
The  data  are  thus  obtained  from  which  the  sectJon-arca  a  and 
'ts  Welted  perimeter  {>  can  be  found,  and  then  the  hydraulic 
""adius  r  is  determined  by  r  =  ix/p  (ArL  112). 

The  slope  s  is  to  be  found  by  s=h/l.  To  determine  the 
'all  A  a  length  /  is  to  be  measured,  at  each  end  of  which 
'*cnch-marks  arc  established  whose  tliflfcrcncc  of  elevation  is 
'"und  by  precise  levels.  The  elevations  of  the  water  surfaces 
'*c!ow  these  benches  are  then  to  be  simultaneously  taken,  whence 
^"cfall  A  in  Ihe  distance  /  becomes  known.  /Vs  this  fall  is  often 
*^all,  it  is  very  important  that  evi-ry  precaution  be  taken  to 
svoid  error  in  the  measurements,  and  that  a  number  of  them  be 
•^ken  in  order  to  secure  a  precise  mean.  Care  should  be  observed 
"tat  the  stage  of  water  is  not  varying  while  these  observations 
^fe  being  made,  and  for  this  and  other  purposes  a  permanent 
8*gc  board  must  be  established.  It  is  also  very  important  that 
*"e  points  upon  the  water  surface  which  are  selected  for  compari- 
^n  !ibouId  be  situated  so  as  to  be  free  from  local  influences  such 
"*  eddies,  since  these  often  cause  marked  deviations  from  the 
"^Wilial  surface  of  the  stream.  If  hook  gages  can  be  used  for  re- 
'^fig  the  water  leveb  to  the  benches,  probably  the  most  accurate 
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results  can  be  obtained.  It  has  bcc-ii  observed  that  the  surface 
of  a  swihiy  flowing  stream  is  not  a  plane,  but  a  cylinder,  which  is 
conravc  to  the  bed.  its  highest  elevation  being  where  the  velocity 
is  greatest,  and  hence  the  two  ]>oints  of  reference  should  be  locatei] 
similarly  with  res|>ect  to  the  axis  of  the  current.  In  spite  of  all 
precautions,  however,  the  relative  error  in  A  will  usually  be  large 
in  the  case  of  slight  slopes,  unless  /  be  very  long,  which  cannut  11 
often  occur  in  streams  under  conditions  of  uniformity. 

Owing  to  the  uncertainty  of  determinations  of  discharge  maAe  j 
in  the  manner  just  described,  the  common  practice  is  to  gage  the  ■ 
stream  by  velocity  observations,  to  which  subject,  therefore,  a 
large  part  of  this  chapter  will  be  devoted.     The  methods  given 
are  equally  applicable  to  conduits  and  canals,  and  in  Art.  133  will 
be  found  a  summary  which  briefly  compares  the  various  processes. 

I'rob.  12s.  Which  hoA  the  grrattT  (lisrharcL-.  n  Blream  *  fcfl  Hccp  ami 
85  feet  wide  on  a  slope  of  i  foot  per  mile,  or  a.  stream  j  feet  deep  and  40  feet 
wide  on  a  slope  of  1  feet  per  mile  ?  

Art.  129.    Velocities  in  a  CROS.s-SECTio!f 

The  mean  velocity  v  is  the  average  of  all  the  velocities  of  alli 
the  small  sections  or  lilamcnts  in  a  cros.s-scclion  (Art.  112).  Soi 
of  thfsc  individual  vflocilii'S  are  much  smaller,  and  others  ma- 
terially larger,  than  the  mean  velocity.  .Along  the  bottom  of 
the  strc:im,  where  the  frictional  resistances  are  the  greatest,  the 
velocities  arc  the  least ;  along  the  center  of  the  stream  they  arc 
the  greatest.  A  brief  statement  of  the  general  laws  of  variation 
of  these  velocities  will  now  be  made. 

In  Fig.  120  there  is  shown  at  /I  a  cross-section  of  a  stream 
with  contour  cur\'cs  of  equal  velocity ;  here  the  greatest  velocity 
is  seen  to  be  near  the  deepest  part  of  the  section  a  short  distance 
below  the  surface.  At  B  is  shown  a  pLin  of  the  stream  with  ar- 
rows rouglily  representing  the  surface  velocities;  the  greatest 
of  these  is  seen  to  be  near  the  dec[)est  part  of  the  channel,  whtlo 
the  others  diminish  toward  the  banks,  the  curve  showing  the  law 
of  variation  resembling  an  ellipse.  At  C  h  sliown  by  arrows 
the  variation  of  velocities  in  a  vcrticiU  line,  the  smallest  being 
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at  tlie  bottom  and  the  largest  a  short  distance  bt-Iow  th«  surface; 

concerning  this  <:iir\'e  Ihere  has  been  some  contention,  but  it  is 

now  well  established  to 

be  a  parabola whoseaxis     ^^ 

is  horizontal.    These  are 

the  general  laws  of  the 

variation    of     velocity 

throughout    the    cross- 

sicction ;   the  particular 

relations  are  of  a  com- 
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plex  character,  and  \*ary  so  greatly  in  channels  of  different  kinds 
that  it  is  difficult  to  formulate  them,  although  many  attempts 
to  do  so  have  been  niafle.  Some  of  these  formulas  which  con- 
nect the  mean  velocity  with  i>artii-ular  velocities,  such  as  the 
maximum  surface  velocity,  mid-depth  velocity  in  the  axis  of 
the  stream,  etc.,  will  be  given  in  Art.  132. 

Considering  the   lavf  of  variation  of   surface  velocities   to  be 
represented  by  an  ellipse,  ils  et^ualion  for  a  .itraighl  channel  is 

v,  =  vi+  (ita  -  »i)V,  -  ix/b)'  {129), 

in  which  b  a  the  half-width  of  t)ie  river,  vi  the  velocity  at  the  banks, 
Vg,  the  maximum  velocity  along  the  center  line  .■IC,  and  v,  the  velocity 
at  the  tii&tance  x  from  the  center  line.  Fig. 
129a  is  a  plan  of  a  part  of  a  straight  river 
showing  two  surface  ellipses,  tlie  fuU-line 
curve  being  for  i»i  =  Jiw  and  the  other  tor 
fi  =  «i'bi-  Themeansurfacevelocity,fodnd 
by  dividing  the  area  of  the  curve  by  iCs 
base  DD  is  0.215111  +  0.785  r,,  and  it  may 
be  shown  that  this  is  equal  to  tlie  surface 
velocity  at  a  distance  o.6ab  from  the  center 
line  AC. 

Observations  of  surface  velocities  show 
much  variation  from  lliesc  tj-pical  curves,* 
but  on  the  whole  they  indicate  an  approxi- 
ination  to  ellipses.  The  velocilypncar  the  bank.°i  may  vary  con.sider- 
ably,  dependirfg  upon  the  depth  of  water  there;  it  is  sometime*  greater 
I  Hydraulic  ExjKrimcnU  (iS3i).  |>.  187. 
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than  onohalf  of  the  maxtmum  velocity  tw-    When  n  is  zero> 
mean  surface  velocity  h  tqual  In  0.785  !„,   when  i|  is  o.;s  <>>.  t'"' 
mean  surface  vrlocUy  is  cx.946  v^,.    These  relations  result  from  the  I 
assumption  that  the  riiipsc  represents  the  law  of  variation. 

As  to  velocities  In  a  vertical,  it  has  long  been  known  that  a  float-J 
ioR  raft  or  boat  moves  faster  than  the  surface  water.    This  fact  wa»J 
well  known  to  Dulmiit,  the  founder  of  modern  hydraulics,  but  he  was 
unable  to  cTpIain  it  satisfaclorilj',  as  he  con«dcrcd  that  the  velocities 
decrea.<(ed  uniformly  from  tlic  surface  to  the  bottom.*     LatiT  obscr-j 
vations  have  conclusively  proved  that  the  masimum  velocity  is  usu- 
ally below  the  surface  and  tbi.t  explains  why  the  floating  boat  mo^'cs] 
faster  than  the  surface  current. 

Humphreys  and  Abbot  deduced  in  1861  from  their  ol>s«r\'ations  I 
on  the  Misaisappi  River  t  that  the  equation  of  the  mean  curve  of| 
velocities  in  a  vertical  line  was 

in  whidi  Tf  is  the  velocity  m  feet  per  socond  at  any  distance  e  above 
or  below  the  horizontal  axi.-*  of  a  parabolic  curve  and  if  is  the  depth 
of  ihc  water,  the  axis  being  at  the  depth  0,2971/  below  the  surface. 
It  is  more  convenient  to  take  the  origin  for  the  cur\'c  at  the  surface, 
and  the  equation  then  becomes 

V,  =  3.191  +  0.471  (y/d)  ~  o.;93(y/<f)* 

in  which  V,  is  tlic  velocity  at  the  depth  y  below  the  surface.  Whe 
y  =  o,  this  equation  gives  tbi-  mean  surface  velocity  of  the  Mis 
sissippi  as  3.19  feet  per  second,  and  when  y  =  rf  it  gives  the  mean^ 
bottom  velocity  as  2.87  feet  per  second.  Humphreys  and  Abbot 
also  found  that  the  position  of  the  horizontal  axis  of  the  paralwU 
varied  greatly  with  the  wind,  an  up-stream  win<l  of  force  4  depress- 
ing it  to  mid-depth  and  a  dowQ-.stTeam  wind  of  force  5.3  elevating  it 
to  the  surface.  M 

The  general  equation  of  the  paiftbola  of  velocities  in  a  vertical 
line,  with  origin  at  the  surface,  is 

F,  -  n  +  ity  -  .Vy> 


•  Dubiiat,  Principca  de  hydrauliquc,  vol.  1. 

t  Pliyijts  and  IlydraulJa  ol  Mksiuippi  Rtvn,  ed.  tij6,  p.  14]. 
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in  wbkh  y  '&  now  taken  in  terms  of  the  depth  unity  (Fig.  129^), 
I',  is  thf  vdocity  at  the  depth  y,  i'a  the  velocity  at  the  surface, 
iind  M  and  .V  arc  constants.  When  y  =  o,  then  \\  =  I'o;  tiiu 
value  of  y  which  render;  (129)a«  maximum  is  Jl//2iV,  and  designating 
this  by  m,  the  equation  becomes 


\\  =  r,  +  jw.Vy  -  .\y 


(129)2 


The  area  included  between  the  curve  and  the  axis  of  ordinates  AB, 
Fig.  129A,  is  now  found  and  this,  divided  by  the  total  dqilh  unity, 
gives  the  mean  velocity  in  the  vertical  as 

V  =  r.  +  w.V  -  J-V  (129)8 

Equating  the  right-hand  members  of  (129)'  and  (129)",  there  results 

J*  —  imy  =  J  —  M 

as  an  equation  from  which  the  depth  y  can  be  computed  at  wMch 
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,c  velocity  T,  is  equal  to  the  mean  velocity  in  the  vertical.  From 
this  t!ie  fiiliowing  rcsulU  are  found  far  diffcKnt  positions  of  the  axis, 
m  being  the  depth  of  that  axis  below  the  surface: 

For  M    o=       o         o.i       o.a       0.3         \         0.4 
Depth  for  mean  =    0-S77    0-.S93    o.(ii6    0.65T    0.667    0.706 

One  of  tlic  methods  of  gaging  given  in  Art.  130  depends  upon  these 
results.  When  m  is  (  the  .-•urfaee  velocity  is  also  equal  to  the  mean; 
when  m  =  o^  there  is  also  a  point  at  the  dqilh  0.094  where  the 
velocity  is  equal  lo  the  mean  I-'.  Fig.  I2!)j  s!:ow3  the  three  cur\'c» 
of  vdocitica  in  a  vertical  lor  tlie  cases  m  =  0,  m  =  0.3,  m  =  0.4. 

Two  points  on  the  parabola  can  be  found  so  thai  the  average 
of  the  vektcilies  at  those  depths  \s  «iual  lo  the  mean  velocity  V  in 
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the  vertical.    Let  yj  and  ya  l>c  the  depths  of  these  pcnntS;    Tbeo 
from  (129)j  the  average  of  the  two  velocities  is 


I',  +  amA-- 


jt-5  _  .yJ^ 


+  y^ 


I 


and  equating  this  to  the  second  member  of  (129)a,  the  quantities  V,\ 
and  y  cancel  out,  and  there  is  found 

«(yi  +  ya)  -  iO-i'  +  V)  =  «  -  i 

This  is  satisfied  when  yi  ■¥  y2  =  '  and  yi'  +  >'2'  =  §  und  from  thosci 
e<iuations  are  found  the  values  yj  =  o.iii  and  ya  =  0.789,  Or.cj 
of  the  mclliods  nl  ;;aging  given  in  Art.  130  dejx-nds  upon  these  viUucs. 

Prob.  129.  Prove  that  the  average  of  three  velodtics  taken  at  the 
depths  0.15,  0.50,0.85  on  a  vcnieut  line  will  ^vv  tlie  mean  velocity  in  that 
vcrticaL 

Art.  130.    Vklocjtv  Mkasuremk.vts 

One  of  the  methods  for  mcasurlnR  the  discharge  of  strcamsj 
which  has  been  extensively  used  is  by  observing  the  velocity  of  1 
flow  by  the  help  of  floats.  Of  these  there  are  three  kinds,  sur- 
faa-  floats,  double  llfxits,  and  rod  floats.  Surface  floats  should 
be  sufficiently  submerged  sj  as  to  thoroughly  partake  of  the 
motion  of  the  upper  filaments,  and  should  be  made  of  such  a  fortn  I 
as  not  to  readily  be  affected  by  the  wind.  The  time  of  their 
passage  o\'er  a  given  distance  is  determined  by  two  obser\"ers  at 
the  ends  of  a  base  on  shore  by  stop-watches ;  or  only  one  watch 
may  be  used,  the  instant  of  passing  each  section  being  signaled 
to  the  time-keeper.  If  /  be  the  length  of  the  base,  and  /  the  lime 
of  passage  in  seconds,  the  velocity  of  the  float  is  a  =  /;  /.  When 
there  are  many  observations,  the  numerical  work  of  di\Tsion  is 
best  done  by  taking  the  reciprocals  of  /  from  a  table  and  multi- 
plying them  by  /,  which  for  convenience  may  be  an  e\'en  number, 
such  as  100  or  loo  feet. 

A  sub-surface  float  consists  of  a  small  surface  float  connected  1 
by  a  fine  cord  or  wire  with  the  large  real  float,  which  is  weighted 
so  as  to  remain  submerged  and  keep  the  cord  reasonably  taut. 
The  surface  float  should  be  made  of  such  a  form  as  to  ofTer  but 
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slight  reiislancc  to  the  motion,  while  the  lower  i\aat  is  large,  it 
being  the  objwl  o(  the  combination  to  determine  th-  velocity  of 
the  lower  one  alone.  'I'hia  arrangement  has  been  extensively 
used,  but  it  is  probable  that  in  all  aises  the  velocily  of  the  large 
float  \s.  somewhat  affected  by  that  of  the  upper  one,  us  well  aa 
by  the  friction  of  the  cord.  In  general  the  use  of  these  floats  is 
not  to  be  encouraged,  if  any  other  method  of  measurement  can 
be  devised. 

The  rod  float  is  a  hollow  cylinder  of  tin,  which  can  be  weighted 
by  dropping  in  pebbles  or  shot  so  as  to  .stand  vertically  at  any 
depth.  When  used  for  velocily  determinations,  they  are  weighted 
so  ii5  to  reach  nearly  to  the  bottom  of  the  channel,  and  the  time 
of  pa.ss.ige  over  a  known  distance  determined  as  above  explained. 
It  is  often  stated  that  the  velocity  of  a  ro<i  float  is  the  mean 
velocity  of  all  the  filaments  in  contact  with  it.  Theoretically 
this  is  not  the  case,  hut  the  rod  moves  a  little  slower.  However, 
in  practice  a  rod  cannot  reach  quite  to  the  bed  of  the  stream,  and 
Francis  has  deduced  the  following  empiricjd  fonnula  for  finding 
the  mean  velocity  V„  of  all  the  filamtnts  between  the  surface  and 
the  bed  from  the  observed  velocity  V,  of  the  rod : 

in  which  d  is  tlie  total  depth  of  the  stream  and  d'  the  depth  of 
water  below  the  bottom  of  the  rod.'  Tliis  expression  is  probably 
not  a  vali<i  one,  unless  d'  is  less  than  about  one-rjuarter  of  d; 
usually  it  will  be  best  to  have  d'  as  small  as  the  character  of  the 
bed  of  the  channel  will  allow. 

The  log  formerly  used  by  seamen  for  ascertaining  the  speed 
of  vessels  may  be  often  conveniently  used  as  a  surface  float  when 
rough  determinations  only  are  required,  it  being  thrown  from  a 
boat  or  bridge.  The  cirni  of  course  must  be  previously  stretched 
when  wet,  .so  that  its  length  may  not  be  altered  by  the  immersion ; 
if  graduati-d  by  lags  or  knots  in  divisions  of  six  feet,  the  log  may 
be  allowed  to  float  tor  one  minute,  and  then  the  number  of  divi- 

'  LowcU  lt}\lraulic  Experiments,  4lh  Edition,  p.  iqj. 
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sions  nin  out  in  this  time  wnll  be  ten  times  the  x-dodty  in 
per  second. 

The  ddcrminutioii  of  |>articular  velocities  in  streams  by  means 
of  floats  appears  to  be  simple,  but  in  practice  many  uncertainties  are 
found  to  arise,  owiiifi  ro  iviiid,  eildies,  local  currenti,  etc.,  so  that  a  num- 
ber  of  observations  are  required  to  obtain  a  precise  mean  result. 

For  conduits,  canals,  and  (or  many  rivera  the  use  of  a  cutrait 
meter  wiU  often  be  found  to  be  more  satisfactor>*  and  less  expensix-e 
!f  many  observations  are  required.  Compari.wns  between  the  re- 
sults of  lloat  and  rod  gagings  have  been  made  by  Murphy.*  These 
comparison*  include  those  made  at  the  Cornell  University  labora- 
tory between  the  weir  and  the  current  meter  in  1900. 

Other  current  indicators  less  satisfactory  for  work  in  streams 
are  the  PJtot  tube  and  the  hydromctric  jK-nduIum,  shown  in  Fig. 
ISOrt.  'J'iie  former  lias  not  been  found  valuable  for  river  measure- 
ments, although  it  has  proved  to  be  an  instrument  of  great  pre- 
cision for  other  classes  of  work 
(Art.  41).  and  the  latter,  although 
used  by  some  of  tlie  early  hydrau-  _ 
licians,  has  long  been  discarded  as  f 
giving  only  rough  indications.  The 
same  may  be  said  of  the  hydro- 
metric  balance,  in  wluch  weights 
measure  the  intensity  of  the  pressure  of  the  current,  and  of  U>e 
tomion  balance,  in  which  the  pressure  of  the  current  on  a  sub- 
merged plate  causes  the  tightening  of  a  spring.  These  instru- 
ments were  used  only  for  measurements  of  velocities  in  small 
chaimclij,  and  they  arc  now  mere  curiosities. 

The  current  meler,  described  in  Art.  40,  is  generally  operated 
from  a  bridge  or  cable  in  the  case  of  a  small  stream,  but  it  must 
be  often  operated  from  an  anchored  boat  in  large  rivers.  In  the 
latter  case  precise  measurements  of  surface  velocities  may  be 
difBfUlt  on  account  of  the  eddies  around  the  boat.  Even  when 
operated  from  a  bridge,  it  is  not  ea.sy  to  obtain  successful  results 
when  the  velocity  exceeds  4  or  5  feet  per  second,  and  .=ipcdal 


*  Water  Supply  tad  Irrigation  rapcr  No.  95,  Wadifnitoo,  1904. 
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expedients  are  necessary  to  keep  the  meter  in  position.  How- 
ever, the  current  meter,  arcuralely  ratc<l,  will  in  general  do  bet- 
ter work  than  can  be  done  l»y  floats. 

In  usins  the  current  meter  for  the  determination  of  velocity  four 
prin<:t]);il  methods  are  used  on  the  vi-ork  of  the  U.  S.  Geological  Survey ; 
tJiesc  have  been  reviewed  by 
Hoyt.*  I:i  the  first  a  vertical 
velocity  curve  is  determined  by 
placing  the  meter  at  regular 
N-crtical  intervals  from  the  sur- 
Cace  of  the  water  to  the  bottom 
of  the  str(-.am  and  observing 
the  velocity  at  each  such  in- 
terval. Tlie  [loinlK  so  selected 
arc  usually  from  to  to  lo  per- 
cent  of  the  water  <icpth  apart. 
On  plotting  the  velocities  ob- 
tained, a  curve  results  which 
graphically  indicates  the  varia- 
tions in  ihe  velocity  as  Ihey 
are  dependent  on  the  depth. 
The  average  velocity  in  the 
vcrticid  csn  be  determined  by 
averaging  all  of  the  observa- 
tions, or    more   accurately  by 


1  t  a 

"VeloiiUfUt  t^tptirSccoail 

Fig.  13W. 


ascertaining  the  area  filed  by  the  curve  and  the  axis  of  or<tinates 
and  then  dividing  this  area  by  the  depth  of  the  water  in  the  ver- 
tical. Thus  in  Fig.  1306  the  mean  velocity  is  the  area  v4/^C  divided 
by  the  depth  9.5  feet. 

In  the  second  of  these  four  methods  the  velocities  at  distances 
below  the  surface  of  0.2  and  0.8  of  the  depth  arc  determined  aiul  the 
mean  taken  iis  ihc  average  velocity  in  the  vertical.  Many  observa- 
tions have  prown  that  this  method  is  correct,  and  theoretically  it 
is  ba.sed  on  the  mathematical  fact  that  if  the  velocity  curve  be  a 
parabola,  then  the  niean  velocity  in  the  vertical  will  lie  the  average 
of  those  at-o.iH3  and  0.7887  of  ihf  water  dqith  (.Vt.  I2y). 

The  third  of   these  mctliods  consists  in  observing  the  \-elocity 
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at  a  distance  below  th«  surface  equal  to  0.6  of  the  walcr  depth.  This 
procedure  is  also  based  on  the  assumption  thai  the  velocity  curve  is 
a  parabola  whose  axis  is  parallel  to  ihc  water  surface  ;in<l  lies  below 
it  from  o  to  0.3  of  the  walcr  dfpth;  here  it  can  be  shown  mathe- 
matically that  the  abscissa  which  rejkresents  tlie  mean  velocity  Lies 
between  0.58  and  0.65  of  the  water  depth  (Art.  12  ). 

In  the  fourth  method  the  mean  \'clocity  is  determined  by  obse^ 
iii^  the  velocity  at  a  point  from  0.5  to  i.o  feet  below  the  water 
surface  and  applying  a  coetTidcnl  determined  by  observation.  This 
coefficient  ranges  from  0.7S  to  o.gS.  and  Ho)!"  rccommenil*  the  fol- 
lowing. For  average  streams  in  tno,leralc  freshets  0.90  ;  during  floods 
from  0.90  to  0.95,  and  (or  ordinary  stages  of  flow  from  0.85  to  0.90. 

In  the  following  tabulatbn  are  shown  the  results  obtained  in 
476  vertical  velocity  curves*  on  34  rivers  in  various  partsof  the  Uniteil 
States.  The  depths  of  these  .stream.*  ran);ed  fn>ni  i.b  to  37.5  feet  and 
the  observed  velocities  from  0.15  to  0. 50  feet  per  second.  The  figures 
Riven  are  the  coefficients  by  which  the  average  velodties  determined 
by  the  various  methods  should  be  multi|)lied  in  order  to  obtain  the 
mean  velocity  as  determined  from  the  vertical  vetodty  curv«  in  the 
first  method  above  described. 
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In  the  476  velocity  cuTr-es  abo\'e  referred  to  it  was  found  that  the 
point  of  mean  velocity  occurred  at  from  58  to  71  percent  of  the  u'ater 
depth  below  the  surface,  and  that  the  average  of  all  the  curves  showed 
it  to  be  at  o.Cji  of  the  depth. 

In  cases  where  the  stream  to  be  measuretl  is  frozen  owr  it  has  been 
found  that  the  best  work  is  done  bythc  vertjcal  vclocitycurve  method, 
though  the  2  and  8  tenths  depth  method  also  gives  good  results. 
A  rfeum^  of  sluches  of  tlie  flow  under  ice  by  Murphy  t  indicates  that 


*  TninHCtiua*  American  Society  of  Civil  Enginwn,  1910,  vol.  66. 
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the  maxunum  velocity  is  to  be  found  at  from  35  to  40  percent  of  the 
water  dqith  below  the  iintJcr  surface  of  the  ice  am!  th.il  the  mcnn 
velocity  occurs  at  two  points,  the  first  from  o.oS  to  0.13  and  the  siccond 
from  0.6S  to  0.74  of  the  water  depth  below  the  under  surface  of  the  Ice. 

The  so-called  integration  method  of  deterniining  the  average 
velocity  in  a  vertical  con  sis  ts  in  moving  the  meter  at  a  uniform  rale 
from  the  surface  to  the  bottom  and  back  again,  Each  point  is  thus 
[Nissed  over  twice,  and  the  average  velocity  indicated  should  he  the 
mean  velocity  in  the  vertical.  Pmliably  a  belter  method  is  to  take 
the  average  of  three  velocities  observed  at  0.15,  0.50,  and  0,85  of 
the  depth  (see  Prob.  129). 

Prob.  130,  A  rod  float  rims  a  distance  of  100  feet  in  43  seconds,  the 
deitlh  ot  the  stream  Ijting  b  ie.i:\,  while  the  fool  ot  the  rod  is  6  inches  above 
the  bottom.    Compute  the  mean  velocity  in  the  vertical. 


Art.  131.    Gaginc  the  Discharge 

Fw  a  very  small  stream  the  most  precise  method  of  finding 
the  discharge  is  by  means  of  a  weir  constructed  for  that  purpose. 
Streams  of  considerable  siitc  often  have  daras  huilt  across  them, 
and  these  may  abo  be  used  like  weirs  with  the  help  of  the  coeffi- 
cients given  in  .\rt.  69,  if  there  be  no  leakage  through  the  dam. 
When  there  are  no  dams,  the  method  now  to  be  explained  is  gen- 
erally employed.  In  all  cases  the  first  step  should  be  to  set  up 
a  vertical  board  gage,  graduated  to  feet  and  tenths,  and  locate 
its  zero  with  resiK-ct  to  the  datum  plane  used  in  the  vicinity,  so 
that  the  stage  of  water  may  at  any  time  be  determined  by 
reading  the  gage. 

The  place  selected  for  the  gaging  shoidd  be  one  where  the 
channel  is  free  from  obstructions  and  as  nearly  as  possible  free 
from  bends  and  curves  lor  some  distance  both  up  and  down 
stream.  One  or  more  sectiorus  at  right  angles  to  the  direction  of 
the  current  are  to  be  established,  and  soundings  taken  at  inter- 
vals across  the  stream  upon  them,  the  water  gage  being  read 
while  this  is  done.  The  distances  between  the  places  of  soundings 
are  measured  cither  upon  a  cord  stretched  across  the  stream  or 
by  other  methods  known  to  sur\-eyors.  The  data  are  thus  ob- 
tained for  determining  the  areas  Ji,  <h,  at,  etc.,  shown  upon  Fig. 
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131a,  and  the  sum  of  ihesc  is  the  tola!  area  a.    Le\'€ls  should 
run  OQt  upon  the  bank  beyond  the  waiter's  edge,  so  that  in  case  of 

a  mc  of  the  streitm  the  ad- 
ditional areas  <:an  be  de- 
duced.  If  a  current  meter 
is  used,  but  one  section  is 
needed ;   if  floats  are  used, 


Flf.  I31d. 
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at  least  two  are  required,  and  these  must  be  located  at  a  place 
where  the  channel  is  of  as  uniform  size  as  possible. 

The  mean  velocities  Pi.  ri,  Vi,  etc.,  are  next  to  be  determined 
for  each  of  the  sub-areas.  With  a  current  meter  this  may  be  done 
by  starting  at  one  side  of  a  subdivision,  and  lowering  it  at  a  uni- 
fonn  rate  until  the  bottom  is  nearly  reached,  then  moving  it  a 
few  feet  honzontaliy  and  raising  it  to  the  surface,  tiicn  moving 
il  a  few  feet  horizontaUy  and  lowering  it,  and  thus  continuing 
until  the  sub-area  has  been  covered.  The  velocity  then  deduced 
from  the  whole  number  of  revolutions  during  the  time  of  im- 
mersion is  the  mean  velocity  for  the  sub-area.  Or,  by  using  any 
one  of  the  methods  for  determining  the  mean  velocity  in  the  ver- 
licjJ  aa  descril>ed  in  An.  130  the  mean  velocity  may  be  deter- 
mined. When  rod  floats  are  used,  they  are  started  above  the 
upper  section,  and  the  times  of  pa-ssing  to  the  lower  one  noted, 
as  explained  tn  Art.  130,  the  velocity  deduced  from  a  float  at 
the  middle  of  a  sub-area  being  taken  as  the  mean  for  that  area. 
It  will  be  found  that  the  rod  floats  are  more  or  less  affected 
by  wind,  the  direction  and  intensity  of  which  should  always  be 
recorded  in  tlic  field  notes. 

The  discharge  of  the  stream  Li  the  sum  of  the  discharges 
through  the  :sie\'Cral  sub-areas,  or 

y"aiti+oj»i+fl»i'i+  etc. 

and  if  this  be  divided  by  the  total  area  a,  the  mean  velocity  for 
the  entire  section  is  determined. 

If  di.  dx,  rfj,  etc.,  are  the  depths  in  feet  on  the  several  verticals 
in  Fig.  1-IIa.  and  if  ft.  i^,  rj,  etc.,  represent  the  mean  velocities 
in  feel  per  second  in  lliese  verticals,  while  i  is  the  constant  inter- 
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val  in  feet  between  them,  then  the  discharge  In  cubic  feet  per 


second  will  be  giv 


en  by  the  formula 

[diVi  +  {di+d,)(vi+vt)+djt>t\+  etc 


For  most  cases,  liowevcr,  sufficient  accuracy  will  be  given  by 
the  expression 

and  this  is  the  method  which  has  been  adopted  by  the  IT.  S. 
Geulogiciil  Survey.  It  permits  of  ready  cumputatiun,  while  at 
the  same  time  it  docs  not  require  absolute  uniformity  in  the 
interx-ai  i.  Stevens*  has  compared  the  various  methods  ;ind 
formulas  which  have  been  used  for  the  computation  of  tlic  dis- 
charge in  such  ca&es. 

The  following  notes  give  the  details  ot  a  Rasing  of  the  Lchifih 
River,  near  Ik-thlehcm,  Pa.,  made  at  low  wuter  in  1S85  by  the  use  of 
rod  floats.  The  two  sections  were  100  feet  apart,  and  each  was  divided 
into  10  di\T.sions  of  ^^o  feet  width.  In  the  second  column  are  given  the 
soundings  in  feet  taken  at  the  upper  section,  in  the  third  the  mean  ot 
the  two  areas  in  square  (eel,  in  the  fourth  the  timc^  of  pas-safce  ol  ihe 
floats  in  seconds,  in  the  fifth  the  velocities  in  feet  per  second,  which 
were  obtained  by  dividing  too  feel  by  the  times,  and  in  the  lust  are  the 
products  a,Pi.  OjOj,  which  arc  the  discharges  for  the  subdivisions  ai, 
Ot,  ete.    The  total  discharge  is  found  to  be  826  cubic  feet  per  second, 
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and  the  mean  velocity  is  c  =  826/1410  =-  0,59  feet  per  secood.  A 
second  gaging  of  the  stream,  made  a  week  later,  iriien  the  mtir 
level  was  0.59  feet  higher,  gave  for  the  discharge  1336  culac  feet  per 
second,  for  the  total  area  1630  squate  feet,  and  for  the  mean  vdod^ 
0.82  feet  per  second. 

In  the  following  tabulation  are  illustrated  both  the  field  nota 
and  the  subsequent  computations  made  to  determine  the  dis- 
charge of  a  stream  from  a  current  meter  gaging. 
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After  a  number  of  discharge  measurements  have  been  made 
at  a  particular  gaging  station  and  at  a  number  of  different  gage 
heights  or  water  stages  it  becomes  possible  to  plot  for  the  station 
a  rating  curve  which  will  show  the  discharge  of  the  stream  at 
any  given  stage-  It  is  also  convenient,  for  purposes  of  record  and 
comparison,  to  plot  on  the  same  sheet  the  curves  of  mean  velocity 
and  areas  of  the  cross-sections  for  each  of  the  gagings.  As  new 
measurements  of  discharge  are  made  they,  together  with  their 
corresponding  velocities  and  areas,  may  then  be  plotted  upon  this 
sheet,  and  any  errors  or  differences  such  as  those  due  to  a  change 
in  the  stream  bed  become  at  once  apparent.  Such  curves  are 
shown  in  Fig.  13Jfi. 
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After  the  discharge  curve  for  a  station  has  been  established,  it 
becomes  possible,  by  kcqiing  a  record  of  the  gage  lieights  at  ihc 
station,  to  detfrmine  the  total  quantity  of  water  which  passes 
the  station  in  any  given  time.    Observations  on  the  gage  height 
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F  may  be  made  from  two  to  three  or  more  times  a  day,  and  in  cases 

I  where  the  hijjhfst  acoiracj'  is  desired  a  self-recording  gage,  such 

I  as  described  in  Art.  34,  should  be  installed  for  the  purjxisc  of 

I  getting  a  continuous  record  of  the  water  height. 

^B  When  changes  in  tlic  bed  of  a  stream  occur  as  the  result  of 
scouring  during  freshets,  or  from  the  formation  of  bars  or  other 
causes,  new  rating  curves  must  be  constructed,  and  care  should 
always  be  taken  to  see  that  all  of  the  water  flowing  down  the 
stream  passes  the  section  at  which  measurements  ar«  made. 
If  diversions  past  the  piiint  of  gaging  occur,  or  in  case  two  or 
more  channels  are  found  during  times  of  liigh  water,  proper 
allowances  or  new  gagings  should  be  made. 

As  to  the  accuracy  of  the  above  described  methods  of  gaging 
the  discharge  it  may  be  said  that  with  ordinary  work,  using  rod 
floats,  the  discrepancies  in  results  obtained  under  different  con- 
ditions ought  not  to  exceed  10  percent ;  and  with  careful  work, 
using  current  meters,  they  may  often  be  of  a  higher  degree  of 
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precision.  In  any  event  the  results  derived  from  such  gagi'ngs 
arc  more  reliable  than  can  be  obtained  by  the  use  oi  any  formula 
for  tlic  discharge  of  a  stream.  ' 

Prob.  131.  A  alrearo  140  (cct  wide  Is  divided  into  seven  equal  paru. 
thcnx  sounHitiKs  bring  t.o,  4.0,  4.S,  4.6,  i.;,and  t.ofcct.  The  seven  veloci- 
ties as  found  by  a  current  meter  an;  0.7,  1.6, 1.4,  3, J,  3.0,  1.4,  and  0.6  feet 
per  second.     Compute  the  <li!ichtirge. 

Art.  132.    Approximate  Gacincs 

When  the  mean  velocity  u  of  a  stream  can  be  found,  the  dis- 
charge is  known  from  the  relation  q  =  av.  the  area  a  being  meas* 
urcd  as  explained  in  the  last  article.  An  approximate  value  of , 
V  may  be  ascertained  by  one  or  more  float  measurements  by  mcaia  ! 
of  relations  between  it  and  the  obscrx'ed  velocity  of  the  floats 
which  have  been  deduced  by  the  discussion  of  observations.  Such 
measuremt-nls  are  usually  k-ss  expensive  than  those  explained 
in  Art.  131,  and  often  give  information  which  13  sufficient  for  the 
inquiry  in  hand. 

The  ratio  of  the  mean  velocity  v  to  the  maximum  surface 
velocity  v„  has  been  found  u.'iually  to  lie  between  0.7  and  0.85, 
and  about  0.8  appears  to  be  a  rough  mean  value.    Accordingly, 

from  which,  if  v„  be  accurately  determined,  v  can  be  computed  j 
with  an  uncertainty  usually  les.s  than  30  percent.  Many  at- 
tempts have  been  made  to  deduce  a  more  reliable  relation  be- 
tween V  and  v„.  The  following  rule  derived  from  the  investiga- 
tions of  Bazin  makes  the  relation  dependent  on  the  cucfTicicnl  c, 
the  value  of  which  for  the  i)articular  stream  under  consideration 
is  to  be  obtained  from  the  evidence  presented  iu  tlie  last  chapter: 


(-¥) 


It  is  probable,  however,  that  the  relation  depends  more  on  the 
hydraulic  radius  and  the  shape  of  the  section  than  upon  the  degree 
of  ntughness  of  the  channel,  which  c  mainly  represents. 

The  influence  of  wind  ujwn  the  surface  velocities  is  so  great 
that  these  methods  of  determining  v  may  not  give  good  results 
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except  in  calm  weather.  A  wind  blowing  up-stream  decreasef 
the  surface  velocities,  and  one  blowing  down-slroam  increases 
them,  without  materially  affecting  the  mean  velocity  and  dis- 
charge of  the  stream. 

The  ratio  of  the  mean  velocity  V  in  any  vertical  to  its  surface 
velocity  v.  is  less  variable,  for  it  lies  between  0.79  and  0.98,  or 

V  =  0.S6  K„ 

may  be  used  with  but  un  uncertainly  of  ti  few  percent.  If  sev- 
eral veiocilies,  Vi,  V'a,  etc.,  are  determined  by  surface  floats,  the 
mean  velocities  Pi,  vz,  etc..  for  the  several  sub-areas  ai,  oj,  etc., 
are  known,  and  the  discharge  is  j  =  OiVi  +  t'aaa  +  etc.,  as  before 
explained. 

By  means  of  a  sub-surface  float,  or  by  a  current  meter,  the 
velocity  V  at  mid-deplb  in  any  vertical  may  be  measured.  The 
mean  velocity  V  in  thai  vertical  is  approximately 

V  =  0.98  v 

In  this  manner  the  mean  velocities  in  several  verticals  across 
the  stream  may  be  determined  by  a  single  observation  at  each 
I>oint,  and  these  may  be  used,  as  in  Art.  131 ,  in  connection  with 
the  corresponding  areas  to  compute  the  discharge. 

It  was  shown  by  the  observation  of  Humphrc>'s  anci  Abbot 
on  the  Mississippi  that  the  velocity  \"  is  practically  unafTected 
by  wind,  the  vertical  velocity  curves  for  dilTerent  iiitcasitics  of 
wind  intersecting  each  other  at  mid-depth.  However,  if  the 
law  of  variation  of  velocities  in  a  vertical  h  represented  by  the 
parabola  (Art.  129),  it  would  seem  that  the  intersection  should 
he  at  about  0.6  of  the  depth.  Hence  the  above  should  be  used 
with  caution. 

Since  the  maximnm  surface  v-clocity  is  greater  than  the  mean 
velocity  V,  and  since  the  velocities  at  the  shores  arc  usually  small,  it 
follows  that  there  are  in  the  surface  two  {winls  at  which  tlie  velocity 
is  equal  to  v.  If  by  any  means  the  location  of  dthf  r  of  these  could  be 
discovered,  a  single  velodcy  observation  woultj  directly  gi\'e  the  value 
of  V.  The  position  of  these  points  is  subject  to  so  much  variation 
in  channels  of  different  forms,  that  no  satisfactory  method  of  locat- 
ing them  has  yet  been  devised. 
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In  cases  where  it  is  desired  to  construrt  an  approximate  discharge 
curve  and  where  only  a  few  discharKC  n-.easuren'.cnts  have  been  made, 
the  method  iiidicalcd  by  Stt-ven^  *  rray  lie  followed.  From  a  cxoss-sc^ 
tion  of  the  stream  the  values  of  a  y/r  in  the  Chezy  formula  q^  oc  Vr* 
may  be  determine*!  (»>r  earli  Rapie  lieishi  and  a  ctint  plotted.  Tbc 
discharge  q  then  being  kiio^xii  for  several  gage  heights,  it  becomes  pos- 
sible lo  determine  a  value  for  C  Vj,  which  is  nearly  a  constant,  and 
the  decree!  diftcharfte  curve  can  ihu.s  be  approximated. 

Other  metho<ls  of  making  approximate  fiag^n^  consist  in  adding 
a  solution  of  some  chemical  or  salt  to  the  water  of  the  stream  to  be 
measured  at  some  point  where  thorough  mixinj;  will  occur.  If  the 
strength  of  the  eheit.iial  solution  and  the  rale  of  its  application  are 
known,  and  if  samples  of  ih?  water  of  the  stream  are  taken  above 
the  point  where  the  .>icitul!on  is  introduced  and  down-stream  after 
thorough  mixing  has  occurred,  ths  discharge  of  the  stream  is  Ihcn 
equal  to  the  number  of  limes  the  chemical  solution  has  been  diluted  by 
the  water  of  the  stream  multiplied  by  the  rale  of  application  of  the 
chemical.  For  example,  if  2  quarts  of  a  solution  of  common  salt  con- 
taitiing  10  000  parts  per  million  of  chlorine  be  added  each  second  to 
the  stream  and  if  a  wimple  taken  one-half  a  mile  down-stream  shows 
the  chlorine  to  be  20  parts  per  million  then  the  dilution  has  been 
ID  000/jo  or  500  and  the  discharge  then  is  500  X  i  quarts  =  loco 
quarts  per  second.  No  account  has  here  been  taken  of  the  chlorine 
naturally  found  in  the  water  of  the  stream,  and  this  must  in  all 
cases  be  allrtwc<i  for.  Stromeyerf  h.is  ex[>erimented  in  this  manner 
with  solutions  of  comnron  salt  and  suljthuric  acid.  On  small  streamn 
he  found  that  the  results  agreed  well  witli  both  the  measurements  of 
a  weir  and  a  Venturi  meter,  thus  leading  him  to  conclude  that  results 
correct  within  1  percent  can  be  obtained.  This  method  lias  been 
used  by  Groat  {  for  measuring  the  discharge  of  turbines. 

Bcn2enberg,§  in  gaging  the  flow  in  a  portion  of  the  sewer  sj-stem 
of  Milwaukee  where  the  sewer  lay  in  a  timnvl  below  the  hydraulic  1 
gradient,  injected  a  quantity  of  red  eosinc  into  the  water  at  one  end 
of  the  tunnel  and  observed  its  appearance  at  the  other.    He  found 
that   the  color  in   the  water  was  never  distributed  over  a  teng:tb 

•  Kngiuwrint:  News,  July  i8,  I^OJ. 

tlPnxectiir.gi^  Insiitiitiuii  ot  Civ'A  Enginccn.  vol_  t6o. 

t  ProcwdiiiKs  Aiiieritan  Sotlcly  of  Civil  Kntflnccrs,  Novcmbti,  Idij, 

{  TtoHMCtioiu  .4meric»n  Sodety  of  Civil  Eni^cen,  Ueccmbcr,  189$. 
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greater  than  7  to  9  (cd.  and  thus  the  mean  vclodly  was  determined 
w:th  great  arcuracy.  This  experiment  wa.'.  of  interest  also  in  indi- 
cating the  relatively  small  extent  to  which  the  i«irlicles  of  water  in  a 
given  cross-section,  such  as  that  of  a  sewer,  become  separated  from 
each  other,  even  during  a  one-half  mile  .journey. 

Prob.  132.    .A  Mrcim  60  fi-et  wide  'n  divided  into  three  M.-ctioiu,  having 

the  arva&ji.  6$.  and  ,^S  square  feet,  and  the  surface  vclod lies  near  ihe  middle 

of  thcK  an  foiinil  to  be  1.3.  i.6,  and  1.4  feel  per  stcond.    Wliat  is  the  ap- 

^^  j>ioiiiniate  mean  velocity  of  the  stream  and  lis  discharge  ? 

^H  Art.  133.    Comfakisok  op  Gaclng  Methods 

r  This  chapter,  together  with  those  preceding,  furnishes  many 

I  methods  by  which  the  quantity  of  water  flowing  through  an  orifice, 

I  pipe,  or  channel  may  be  determined.     A  few  remarks  will  now  be 

I  made  by  way  of  summary  and  comparison. 

^H  The  method  of  direct  measurement  in  a  tajik  Lt  always  the 
^^  most  accurate,  but  except  for  small  (juantitics  is  expensive,  and 
for  large  quantities  U  impracticable.  Next  in  reliability  and  con- 
venience come  the  mctbods  of  gaging  by  orifices  and  wears.  An 
orifice  one  foot  square  under  a  head  of  25  feet  will  discharge  about 
34  cubic  feet  per  second,  which  is  as  large  a  quantity  as  can 
usually  be  profitably  passed  through  a  single  opening.  A  weir 
30  feet  long  with  a  depth  of  1.0  feet  will  discharge  about  300  cubic 
feet  per  second,  which  may  be  taken  as  the  maximum  quantity 
that  can  be  conveniently  thus  gageil.  The  number  of  weirs  may 
be  indeed  multiplied  for  larger  discharges,  but  this  b  usually 
forbidden  by  the  expense  of  construction.  Hence,  for  larger 
quantities  of  water  indirect  measurements  must  be  adopted. 

Tile  formulas  deduce*)  for  the  flow  in  pipes  and  channels  in 
Chaps.  8  and  9  enable  an  approximate  estimation  of  their  dis- 
charge to  be  determined  when  the  coefficients  and  data  which 
they  contain  can  be  closely  determined.  The  remarks  in  Art. 
128  indicate  the  difficulty  of  ascertaining  these  data  for  streams, 
and  show  that  the  value  of  the  formulas  lies  in  their  use  in  cases 
of  investigation  and  design  rather  than  for  precise  gagings.  For 
pipes  an  accurately  ratc<l  water  meter  is  a  convenient  method  of 
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measuring  the  discharge,  while  for  conduits  it  will  often  be  f' 
difficult  lo  devise  an  accurate  and  economical  plan  for  predse 
determinations,  unless  the  conditions  arc  such  that  the  discharge 
may  be  made  to  pass  over  a  weir  or  to  be  retained  in  a  large 
reser\'oir,  ihc  capacity  of  which  is  known  fore\'cry  tenth  of  a  foot 
in  depth.  For  large  aqueducts,  and  for  canab  and  streams, 
the  usually  available  methods  are  those  explained  in  this  chapter.  ■ 
In  the  Catskill  Aqueduct  for  the  new  water  supply  of  New 
York  C-ity  lour  Vcnturi  meters  of  capacities  up  to  about  800 
cubic  feet  per  second  have  been  introduced  fArt.  38). 

Surface  floats  arc  not  to  be  recommended  except  for  ruda 
determinations.  b«ause  they  are  affected  by  wind  and  becausi 
the  deduction  of  mean  velocities  from  them  is  in  many  cases 
subject  to  much  uncertainty.  Nevertheless  many  cases  arise  En 
practice  where  the  results  found  by  the  use  of  surface  floats  are 
sufficiently  prtxisc  to  give  vaiuable  information  concerning  the 
flow  of  streams.  Tlic  double  float  for  sub-surface  velocity 
is  used  in  deep  and  rapid  rivers,  where  a  current  meter  can- 
nut  be  well  operated  on  account  of  the  difficulty  of  anchoring 
a  boat-  In  addition  to  its  disadvantagfs  already  mentioned  may 
be  notetl  that  of  expense,  which  becomes  large  when  many  ob- 
5er\-ations  are  to  be  taken. 

The  method  of  determining  the  mean  velocities  in  verti 
planes  by  nxl  floats  is  very  convenient  in  canals  and  channel 
which  arc  not  loo  deep  or  too  shallow.    The  precision  of  a  vdoc-] 
ity  determination  by  a  rod  float  is  alwaj's  much  greater  than  that 
o(  one  taken  by  the  double  float,  so  that  the  former  b  to  be  pr 
(erred  when  circumstances  will  allow.    In  cases  where  the  velocity 
i»  rajud,  or  where  there  are  no  bridges  over  the  stream,  rod  floats 
may  often  give  results  more  reliable  than  can  be  obtained  by, 
any  other  method. 

CxiTTcnt. meter  obser\'ations  are  those  which  now  gcncrally!| 
l*ke  the  highest  rank  for  precision  iu  streams  where  the  condt 
titHM  tire  ni>t  abnormal.    Tlie  first  cost  of  the  outfit  is  greater  than 
Ihcit  nx)uircil  fur  rod  floats,  but  if  much  work  is  to  be  done,  it  will 
mv>Mr  ihr  t'hcaper.    The  main  objection  is  the  difficulty  of  use 
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in  cases  of  high  vclocilics  and  to  the  errors  which  may  be  intro- 
dure<i  from  ihe  lack  of  proper  rating ;  this  h  required  to  be  done 
at  intt-r\-ak,  since  it  is  found  that  the  relation  between  the  velocity 
and  the  recorded  number  of  revolutions  maj'  change  during  use. 

In  the  execution  of  hydraulic  opcrutions  which  involve  the  meas- 
urcmt-nt  of  water  a  n.cthod  is  to  be  selected  which  will  give  the  highest 
decree  of  precision  with  given  expenditure,  or  which  will  secure  a 
given  degree  of  precision  at  a  minimum  expense.  Any  one  can  build 
a  road,  or  a  water-supply  system ;  liul  Ihe  art  of  eiiK^neering  teuches 
how  to  build  it  well,  and  at  the  least  cost  of  construction  and  main- 
tenance. Similarly  the  science  of  hydraulics  teaches  the  laws  of  flow 
and  record-t  the  rt^ult<of  experiments,  so  that  when  the  discharge  of 
a  conduit  is  to  be  measured  or  a  stream  is  to  be  gaged,  tbc  engineer 
may  select  lliat  method  which  will  furnish  the  retiuired  information 
in  the  most  satisfactory  manner  and  at  the  least  exiK-nsc. 

I'Tob.  13>t.  Consult  Humphreys  and  Abbot'n  Physics  am]  Hydrnulics 
of  the  Mississippi  River  (Washington,  iS6i  and  1S76),  and  liod  Ifto  methods 
of  meuiunng  the  v<:l(H:ity  of  a  current  diilcrcnt  from  those  dcscribeil  in  ihc 
prcccdintt  pages. 

Art.  134.    Variations  in  Discharge 

When  the  stage  of  water  ris«  and  falls,  a  corresponding  in- 
crease or  dccrea.sc  occurs  in  the  velocity  and  discharge.  The 
TcUftoii  of  these  variations  to  the  change  in  depth  may  be  approx- 
imately ascertained  in  the  following  manner,  the  slope  of  the 
water  surface  being  regarded  .is  remaining  imifomi :  Let  the 
stream  be  wide,  so  that  its  hydraulic  radius  is  nearly  equal  to 
the  mean  depth  (/ ;  then 

V  =  c  V5i  =  cs^di 

Differentiating  this  with  respect  to  v  and  d  gives 

Here  the  first  member  is  the  relative  change  in  velocity  when  the 
depth  varies  from  (/  to  i{±6d.  and  the  equation  hence  shows  that 
Ihc  relative  change  in  velocity  is  one-half  the  relative  change  in 
depth.  For  example,  a  stream  3  feet  deep,  and  with  a  n".can 
velocity  of  4  feet  per  second,  rises  so  tliat  the  depth  is  3.3  feet; 
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theiiJp  =  4XiXo.3/3  =  {>.2,  and  the  velocity  of  the  stream 
coincs4  +  0.2=s4.2  feet  per  second. 

In  the  same  manner  the  variation  in  discharge  maybe  found. 
Let  b  be  the  breadth  of  the  stream,  then 

q  =  eld  Vds  =  Cfcl'd*  . 

and  by  differentiating  with  respect  to  q  and  d, 

tq/q  =  I  Id/d 

Hence  the  relative  change  in  discharge  is  ij  times  that  of  the 
relative  change  in  depth.  Tliis  rule,  like  th<^  preceding,  supposes 
that  Id  is  very  small,  and  will  not  apply  to  large  variations  in 
the  depth  of  the  water. 

The  above  conclusions  may  be  expressed  as  follows:  If  tlie 
mean  depth  changes  i  percent,  the  velocity  changes  0.5  percent, 
and  the  discharge  changes  1.5  percent.  They  are  only  tniCj 
for  streams  with  such  cross-sections  that  the  hydraulic  radius 
maj'  bu  regarded  as  pruportional  to  the  deptli,  and  even  for 
such  sections  are  only  exact  for  small  variations  in  d  and  v.  I 
They  also  assume  that  the  slojx'  j  remains  the  »ame  after 
the  rise  or  fail  as  before ;  this  will  be  the  case  if  a  condition  of 
permanency  is  established,  but.  sJt,  a  rule,  while  the  stage  of 
water  is  riwng  the  slope  is  increasing,  and  while  falling  the  slope 
is  decreasing. 

Gages  for  reading  the  stages  of  water  are  now  set  up  on  many 
rivers,  and  daily  observations  are  taken.  Such  a  gage  is  usually 
a  vertical  board  graduated  to  feet  and  tenths  and  set  if  possible 
with  its  ztTo  bi'Iow  the  lowest  known  water  level.  Another  fcsrm 
is  the  box-and-chaiii  gage,  which  consists  of  a  box  fastened  on  a 
bridgf  with  a  graduated  scale  within  it  and  a  chain  that  can  be 
let  down  to  the  water  level ;  the  length  of  the  ch-iin  being  known, 
the  gage  height  can  then  be  read  from  ihe  scale  if  its  zero  is  set 
so  that  the  reading  will  be  zero  when  the  end  of  the  chain  just 
touches  the  water  surface  when  it  is  at  zero  heig(it.  Such  ob- 
servations of  the  daily  stage  of  a  river  arc  of  great  value  in  plan- 
ning engineering  cons  true  I  ions,  and  they  are  now  made  at  many 
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stations  by  the  United  Slates  government  through  the  Dq>art- 
mcnt  of  Agriculture  and  the  Geological  Survey  Burt-au. 

When  several  measurements  of  the  discharge  of  a  stream  have 
been  made  for  different  stages  of  water,  a  curve  may  be  drawn 
to  show  the  law  of  variation  of  discharge  (Art.  131),  and  from 
this  curve  the  discharge  corresponding  to  any  given  stage  of  water 
may  be  approximately  ascertained.     Fig.  131  ft  shows  a  tj-pical 
discharge  cur\-c.     Fig-  IM  shows  the  actual  discharge  curve  for 
the  Lehigh  River  at  Bethlehem,  I'a.,  the  urdinates  being  the 
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■BBBits  of  the  water  level  as  read  on  the  gage,  and  the  abstcissas 
feeing  the  discharges  of  the  river  in  cubic  feet  per  second ;  this  is 
only  a  part  of  the  discharge  curve  for  that  river,  as  the  water  has 
been  known  to  rise  to  22.5  feet  and  the  corresponding  discharge 
was  over  100  i^mn  cubic  feet  per  second.     Each  station  on  a  ri\'er 
has  its  own  distinctive  discharge  curve,  for  the  local  topography 
determines  the  heights  to  which  the  water  level  will  rbe. 

Piob.  134.   AstmLmo(4f>--ct  mean  dtpthilelivereSoorubiefcft  per  sec- 
ond.    \\'h.il  will  Iw  the  discharge  when  ihe  dcplh  is  (iccrcascd  to  j.87  feet? 
If  the  sirtam  b  100  fret  wide,  what  will  be  Uie  velucil>'  when  the  depth  >s^^ 

Art.  135.    Transporting  Capacity  or  Currents         ^^^| 

The  fact  that  the  water  of  rapid  streams  transports  large       ■ 
quiuitilies  of  earthy  m.alter,  cither  in  suspension  or  by  rolling  It^^fl 
along  the  bed  of  the  channel,  is  well  known,  and  has  already  been  ^^| 
mentioned  in  Art.  120.     It  is  now  to  be  shown  that  the  diameters      ■ 
of  bodies  which  can  be  mo\ed  by  the  pressure  of  a  current  vary        ■ 
i     as  the  stjiiare  of  its  velocity,  and  that  their  weights  vary  as  the       ■ 
IjBixth  power  of  the  velocity.                                                                 1 
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When  water  causes  sand  or  pebbles  to  roll  along  the  bed  of  a 
channel,  il  must  exert  a  force  approximately  proportional  to  the 
square  of  the  velocity  and  to  the  area  exposed  (Art.  27),  or  U  d 
is  the  diameter  of  the  body  and  C  a  constant,  the  force  which  is 
required  to  move  it  horizontally  is 

But  if  motion  just  occurs,  this  force  is  also  proportional  to  the 
weight  of  the  body,  because  the  frictional  resistance  of  one  body 
upon  another  varies  as  the  normal  pressure  or  weight.  And  as 
the  weight  of  a  sphere  varies  as  the  cube  of  the  diameter,  it  follows 

*****  d»  =  C(ft'*        or        rf  =  CiP« 

Now  since  d  varies  as  t",  the  weight  of  the  body,  which  ts  propor- 
tional to  iP,  must  vary  as  n* ;  which  proves  the  proportion  enun- 
ciated above.  Hence  an  increase  in  velocity  causes  far  greater 
increase  in  transporting  capacity. 

Since  the  weight  of  sand  and  stones  when  immersed  in  water 
is  only  about  one-half  their  weight  in  air.  the  frictional  resistances 
to  their  motion  arc  slifiht,  and  this  helps  to  explain  the  circum- 
stance that  they  are  so  easily  transported  by  currents  of  moderate 
velocity.  It  is  found  by  observation  that  a  pebble  about  one 
inch  in  diamefLT  is  rolled  along  the  bed  of  a  channel  when  the 
vclwity  is  about  ,i  J  feet  per  second  ;  hence,  according  to  the  above 
ttietiretical  deduction,  a  velocity  five  times  as  great,  or  17}  feet 
per  second,  will  carrj*  along  stones  of  3$  inches  diameter.  'Phis 
law  of  the  transporting  capacity  of  flowing  water  is  only  an  ap- 
proximate one,  for  the  recorded  experiments  seem  to  indicate 
that  the  diameters  of  moving  pebbles  on  the  bed  of  a  channel  do 
not  vary  quite  as  rapidly  as  the  s(|uarc  of  the  velocity.  The  law, 
moreover,  is  applicable  onl)'  to  Ixidies  of  similar  shape,  and 
cannot  be  used  for  comparing  round  pebbles  with  flat  spalts. 
The  following  table  give*  the  velocities  on  the  bed  or  bottom  of 
the  channel  which  are  required  to  move  the  materials  stated. 
The  corresponding  mean  velocities  in  the  last  column  are  derived 
from  the  empirical  formula  deduced  by  Darcy, 

v  =  [•'  + 1 1  Vfs 
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in  which  /  is  the  bottom  and  v  the  mean  velocity.  The  bottom 
or  transporting  velocities  were  deduced  hy  Dubuat  from  experi- 
ments in  small  troughs,  and  hence  are  probably  slightly  less  than 
the  velocilicft  which  would  move  the  same  materials  in  channels 
of  natural  earth. 


Bnrinm 

Mon 

velocity 

nJocUy 

Clay,  fil  (or  potlcry. 

«3 

M 

Sand,  size  of  anis^-Mcd, 

OA 

o-S 

Grkwl.  lise  of  peu, 

0.6 

0^ 

Gravel,  tlte  ol  buns, 

1.1 

lA 

Shingle.  *bout  t  iach  in 

diameter,  1.5 

3-S 

Ansul^r  tUmct,  itbout  i 

\  IncbM, 

4-S 

4-S 

The  general  conclusion  to  be  derived  from  these  figures  is  that 
ordinary  small,  loose  earthy  materiaU  will  be  transported  or  rolled 
along  the  bed  of  a  channel  by  velocities  of  2  or  3  feet  per  .second. 
It  is  not  necessarily  to  be  inferred  that  this  movement  of  the 
materiab  is  of  an  injurious  nature-  in  streams  with  a  fixed  regimen, 
but  in  artilicial  canals  the  subject  is  one  that  demands  close  at- 
tention. The  velocity  of  the  moving  objects  after  starting  has 
been  found  to  be  usually  less  than  half  that  of  the  current.* 

In  a  silt-hmring  stream  there  is  a  certain  critical  velocity  To  at 
which  all  silt  already  in  suspension  is  carried  on  without  being  de- 
pusital  anil  at  which  no  further  silt  is  scoured  from  the  sides  and 
bottom.  This  velocity,  according  to  the  investigxtion  of  Kennedy,! 
ix  jpven  by  Vi,  =  nu!" "  where  d  is  the  dqith  of  the  stream  and  m  is 
0.S7  (or  light  sandy  silt,  0.90  for  sandy  loam,  and  1.07  for  coarse  silt, 
Kennedy  also  found  that  the  amounts  of  silt  carried  in  the  same 
stream  varied  with  the  square  root  of  the  tifth  power  of  the  veloci- 
ties, so  that  if  X  and  xn  arc  amounts  carried  at  velocities  I'  and  I'o 
then  X  =  Jo  (r/Ko)'.  When  I'  is  greater  thiin  I'o.  then  a-  —  ;ro  is  the 
amount  of  scour  due  to  the  change  of  velocity;  when  V  is  less 
than  t'«,  then  xo  —  x  is  the  amount  of  deposit  due  to  the  change  of 
velocity. 

Prob.  135.  In  the  early  history  of  the  earth  the  moon  was  half  iu 
present  (ii»tancc  from  the  cnrlh'x  center,  and  tJie  tide.1  were  about  eight  times 


'  HetKbcl,  Ml  the  cnMit-c  and  otimtling  power  of  water,  in  Journal 
Franklin  Iimititie.  i8;8,  vol.  75,  |>.  jji>, 

t  Ptocoediii);>>  Iiutttution  of  Gtil  Eiwiwcra,  vol,  1 19, 1894-9J,  Pl  2S1. 
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OS  high  OS  nl  present,  tt  b  supposed  thai  th«'sr  t 
lands  ami  mo\iiJ  great  roclu  (rom  phn  lo  place.  The  sn-atONt  ^-vlocity 
of  mich  a  wave  h-^gd,  where  1/ is  ihedrpthof  the  water  Wh.ii  is  the  prob- 
able weight  and  siac  of  the  largest  rock  that  such  a  cutrcni  wouU  move  ? 

Art.  136.    Inflxtence  or  Dams 

When  a  dam  Is  built  acroMi  a  stream,  it  is  often  tlcsircd  to 
compute  its  height  so  that  the  water  level  may  stand  al  a  given 
elevation.  Thus  in  the  figures,  CC  represents  the  suriacx'  of  the 
stream  before  the  conslruclion  of  the  <lam,  the  depth  of  Ihc  water 
being  D,  and  it  is  required  to  dnd  the  height  G  of  the  dam  so  that 


\ 


~7z::z^ 


Fig.  136a. 


He.  13U. 


the  water  surface  may  be  raised  the  vertical  distance  d.  There 
are  two  cases,  the  first  where  ihe  crest  is  above  the  original  water 
level  CC,  and  the  second  where  it  is  below  that  level ;  in  both 
rases  the  discharge  q  must  be  known  in  order  to  compute  the  height 
of  the  dam. 

When  the  crest  is  not  submerged,  as  in  Fig.  136a,  it  is  seen  that 
the  value  of  G  is  £>  +  d  —  //.  %vhere  II  is  the  head  on  the  crest. 
Now  from  Art.  04  the  value  of  q  is  Ml>(II  +  |JA)^  where  b  is  the 
length  of  the  crest  and  h  is  the  head  due  to  vdodty  of  approach. 
Hence  there  results 

C  =  £>+rf+iJ/i-(?/Mfr)*  (136)i 

in  which  m  is  to  be  taken  from  .'\ri.G9.  For  example,  let  the 
discharge  be  18  000  cubic  feet  [ler  second,  let  the  width  of  the 
stream  above  the  dam  be  600  feet,  and  Ihe  width  on  the  cnst 
be  525  feet;  also  let  />  and  d  be  8.5  and  Co  feet,  and  let  u 
3.33.     The  mean  velocity  of  approach  is 


18000 
600  X  14.5 


=  a.i  feet  per  second 


whence    the    velocity-head    is    A  =  0.0155  X  s.i*  =  0.07  feet. 
Then  from  the  formula  there  results  C  =  9.9  fe«l. 
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mien  the  (L-im  is  a  low  one  its  crest  nnll  be  submerged. 
Here  Fig.  \3Gb  gives  n  =  D  +  d~C  and  //'  =  />-  G. 
Inserting  these  heads  in  formula  (67):>,  there  is  found 

(136)3 


G  =  D  +  \d-  \q/vbVd 


where  the  coefficient  u  lies  between  3.09  and  3.37.  depending 
on  the  value  of  U'/H,  and  as  a  mean  3.1  may  be  used.  For 
example,  let  D  =  4.0,  d  =  i.o,  6  =  50  feel,  and  q  =  400  cubic 
feet  per  second;  then  G  is  found  to  be  2.95  feet.  Now  IJ'  and 
B  ore  1.05  and  2.05  feet,  whence  H'/Il  =  0.51,  and  frum  Art- 
67  the  value  of  M  is  j.n,  which  shows  that  ihe  assumed  value 
3.1  is  clofic  enough. 

Another  problem  is  to  find  the  height  d  to  which  the  water 
will  rise  when  the  dam  is  to  be  built  lo  the  height  G.  For  the 
dam  of  Fig.  ISGn  this  is 

d  =  D  +  {q/Mb)*  -  G-  iJA  (136)3 

and  for  the  submerged  dam  (Mg.  1365)  it  is  foiuid  from 


d*  +  UD  -  G)d^  =  q/Mb 


(136)^ 


In  these  M  may  be  taken  as  about  3.3  for  (136)3  or  about 
3,1  for  (136)4.  or  closer  values  may  be  found  from  Arts,  69  and 
67.  Example:  for  a  submerged  crest  let  D  =  5.2,  G  =  j.a, 
J  =  75  feet,  and  q  =  500  cubic  feet  per  second;  then,  taking 
H  as  3.1,  tbe  solution  of  the  cubic  equation  (136},igivcs(/  =  0,40 
feet.  Here  //  =  2.40  antl  B'  =  2.0  feet,  whence  H'/H  <=  0.54 
and  from  Art,  67  a  better  value  of  m  133.14.  A  second  computa- 
tion now  gives  d  =  0.39  feet. 

I'rob,  I3fl.  For  a  submerged  dam  Id  D  =  s.i.G  =  1.1,  6  =  60  feet, 
g  =  400  cubic  («l  per  second.  Compute  ihe  bcighi  d  to  wb'cb  the  water 
willcise. 

Art,  136i,    Backwater  due  to  Bridge  PieRS 

When  bridge  piers  arc  built  in  a  stream,  its  cross-section  is 
diminished  and  the  water  surface  up-stream  from  the  bridge 
stands  at  a  greater  height  than  before.    The  most  cotninoD 


248a 


f'hap.  10.    The  Flow  of  Rivci* 


problem  is  to  find  how  high  the  water  will  rise  when  the  or 
width  B  is  to  be  contracted  to  the  width  b,  the  width  of  the  pier' 
being  B  —  b.  Let  q  be  the  discharge  of  the  stream,  D  the  depth 
of  the  water  before  the  construction  of  the  piers,  and  d  the  rise 
in  the  wat«r  level  due  to  the  piers  (Fig.  136^).  Regarding 
the  section  as  rectangular,  the  original  area  is  BD,  ihe  arej^ 
where  the  water  rises  between  the  piers  is  bD,  and  that  up- 
stream from  the  bridge  is  B{D  +  d).  The  area  bD  may  be 
regarded  as  an  orifice  from  which  the  water  issues  under  the 
head  d  aided  by  the  velocity  of  approach.  Applying  formula 
(50)3  to  this  case.  ^  is  to  be  reiilaccd  by  B{D  +  d)  and  a  by  fr/>, 
also  h  is  to  be  replaced  by  d  and  q  by  BVv,  where  v  u  the  mean 


velocity  of  the  stream  before  the  construction  of  the  piers;  then 
(50)3  reduces  to 


-s((!r-(4.r)     <-*>■ 


which  is  a  formula  for  the  backwater  rise  d  due  to  the  obstruc- 
tion caused  by  the  piers. 

In  this  formula  c  is  a  coefficient  which  takes  account  of 
contraction  and  frictional  losses  as  tlie  water  flows  by  tlie  jJiers, 
There  i&  a  lack  of  definite  knowledge  regarding  its  proper  values. 
It  is,  however,  clear  tliat  the  rise  d  must  be  mto  when  b  equals 
jB.  and  hence  c  is  i.oo  for  this  extreme  condition.  Also  when 
6  is  very  small  compared  with  B.  the  case  is  roughly  that  of  a 
small  oriiicc,  hence  from  the  tables  in  Art.  47  it  is  concluded 
that  the  value  of  c  is  about  0.75  when  b/B  is  o.    Now,  about 
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1805,  Funk  made  ob!<ervaUons  in  the  river  Wcscr  *  from  which 
it  appears  that  c  was  0.97  when  h/B  was  0.81.  From  these 
three  conditions  there  is  found  the  fonnula 


c  =  0.7s  +  o.3s{f>/B)  -o.ioib/B)" 


iimh 


Unfortunately  Funlc's  observations  were  not  ver)-  precise  and 
lienoe  thi»  expression  for  c  can  be  regarded  as  approximate 
only.  Experiments  for  determining  c  are  much  needed  and 
such  might  readily  be  made  in  the  hydraulic  laboratories  of 
engineering  colleges. 

To  use  ihc  formula  (!3C§)'  it  is  best  at  first  to  take  d  as  zero  in 
ihe  second  member  and  then  compute  The  value  found  for  d  is 
then  to  be  inserted  in  the  second  member  and  a  recomputatton  be 
made.  For  example,  lei  B  =  167.4,  b  =  141)2,  and  D  =  10.0  feet; 
also  let  the  mean  velocity  in  the  uncontractcd  section  be  3.20  feet 
per  second,  whence  t-;'2g  =  0.159  feet.  Here  b/B  =  c.891  and  from 
(136i)i  there  is  found  c  =  0.981.  Then,  taking  d  as  zero  In  the 
second  member  of  (136))i,  llie  first  compulation  gives  </  =  0.049 
feet.  Inserting  this  in  the  second  member  and  recomputing  there 
is  found  tl  =  0.050  feet,  while  a  third  computation  gives  ciaentially 
the  same  value.  Hence  the  probable  backwiitcr  rise  in  this  case  may 
be  put  at  0,05  foct. 

Numerous  formulas  have  been  deduced  for  the  backwater  rise 
due  to  bridge  piers,  but  ihcy  are  all  more  or  less  defective,  so  that 
computed  values  should  be  regarded  as  approximations  liable  lo  some 
uncertainty,  unless  based  on  coefficients  which  have  been  determined 
by  observation*  iipplicabk  to  the  case  in  hand.  The  above  formula 
(I36i)i  was  deduced  by  W.  R.  Hutton  in  iSSj.f  although  it  had  been 
previousJy  used  in  a  slightly  different  form  by  Brcasc  and  D'AubLision, 
it  is  well  that  it  should  be  called  Hutton's  formula  in  honor  of  a  dis- 
tinguished American  engineer. 

The  above  formulas  refer  to  a  rectangular  section.  To 
extend  them  so  as  to  cover  actual  sections  of  rivers,  let  A  be 
the  original  uncontracted  area,  a  the  contracted  area,  and  A 1  the 

•  Lcbren  der  H>vltoUtlinik  (Berlin,  iBto),  p.  131. 

t  TnDMction*  .\mcrii:An  Soricly  nl  Civil  EngJaocDi,  1S81,  p.  J40. 
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enlarged  area  up-stream  from  the  bridge.  Then  by  similar 
reasoning  as  before,  there  is'foiind  for  lh«  probable  backwater 
rise  caused  by  the  obstruction  of  the  piers, 


2g[[ca}      [a  J  I 


in  which  A  i  may  usually  be  replaced  by  ^4  -|-  Bd,  where  ff  is 
the  surface  width.     Also 

e  =  0.75  +  o.^sia/A)  -  o.io{a/A)^ 

seems  the  most    probable  exprcsMon  now  available  fw  the , 
cycfljcient  in  this  general  case. 

The  shiipc  of  the  pier  influences  the  degree  of  LXiiitraction  and 
bence  modiiics  the  value  of  ihe  coefficient  e.    In  Fig.  V3(i\b  arc  showit 

1  I  i  i 


FiK.  laeib. 


three  piers  A,  B,  C,  having  their  sides  parallel  to  the  direction 
the  current.  Hltc,  from  the  establUhed  laws  regarding  the  coefiieient 
of  iliscliargL-  (or  orifices  and  sluices,  it  is  cIcLir  that  c  should  be  larger 
for  B  and  C  than  for  A.  At  /J  is  a  skew  pier  where  it  mi^  be 
thouRht  that  the  area  of  obstruction  ts  that  projected  on  a  plane 
Dormiil  to  the  current;  this  cannot  be  the  case,  since  the  d>'namic 
pressure  which  cau.se.i  the  backwater  rise  l>  less  for  the  actual  inclined 
side  of  the  pier  than  for  such  a  projection  {.\rt.  154).  Exi»eTiments 
arc  much  needed  in  order  to  ascertain  values  of  c  for  piers  of  different 
shajws.  According  to  Navier  c  h  0.85  for  piers  «'ilh  squarv  ends 
like  .1 ,  o.Qo  for  jiiers  like  C  when  the  angle  at  the  front  is  obtuse,  and 
0.95  for  piers  with  scnii-cireular  ends  like  B,  or  piers  like  C  when  the 
front  angle  is  acute.  But  these  results  should  cA'iiicntly  be  modJ&cd 
for  the  ratio  of  a  to  ,4 . 

Prob.  136).    A  river  940  feet  wide  has  a  depth  of  t8.4  feet,  and  a  mean 
vclorityofi.SlectpcrK-cond.    Three  picre,  each  is  feet  wide,  arc  to  be  built 
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acKiM  il.  Compule  the  probable  rise  of  backwater  caused  by  the  piem. 
Compuli-  .iIno  the  pniKibk-  rise:  during  a  (IimkI  which  inerenxc^s  the  mean  ilepth 
U>  18.5  (cct  and  iho  mc.in  velocity  to  j.S  feet  per  sc«ind. 

Art.  137.    Steady  Non-uniform  Flow 

In  Arts.  112-133  the  slope  of  the  chjinncl,  its  cross-section, 
and  its  hydraulic  radius  have  been  regarded  as  con.stant.  If 
these  arc  variable  in  different  reaches  of  the  stream,  the  case  is 
one  of  non- uniformity,  and  this  will  now  be  discussed.  The  How 
is  still  regarded  as  steady,  so  that  the  same  quantity  of  water 
paiises  each  section  per  second,  but  its  velocity  and  depth  vary 
as  the  slope  and  cross-scclion  change.  Let  there  be  several 
reaches  It.  h,  ■■■  /,,  which  have  the  falls  Ai,  ht,  ■•■  A,,  the  water 
sections  being  Hi,  aj,  •■■  <J,,  the  hydraulic  radii  n,  n.  -■■  r,.  and 
ihc  velocities  fi,  Cj.  —  v„.  The  total  fall  /;i  -h  h,  +  ■■-  +  A, 
[  is  expressed  by  h.  Now  the  head  corresponding  to  llie  mean 
I  velocity  in  the  first  section  is  Vi'/a^-  The  theoretic  effective  heaii 
1  for  the  last  section  is  A  +  vi'/ig.  while  the  actual  velocily-hcud 
I  IS  v^/2g.  The  difference  of  these  is  the  head  lost  in  friction; 
I      or  by  (125), 


A+?i!_?.!  =  %!  +  %!+...+ 


c/r. 


t:,V, 


3g      H     *^i'^i 

in  which  cj*,  Cj*,  ■■■  c,;*'are  the  Chezy  coefficients  for  the  dif- 
ferent lengths.  Now  let  q  be  the  discharge  per  second;  then, 
since  the  Sow  is  steady,  the  mean  velocities  are 

Pi  =  q/a,        vi  =  qJiH  ■  ■  ■  r,  =  9/a. 

and,  inserting  these  in  the  equation,  it  redtices  to 


*=^(;r^.^'<c-s? 


CjVjVj 


+ 


which  is  a  fundamental  formula  for  the  discussion  of  steady  flow 
through  non-uniform  channels.  This  formula  shows  that  Ihc  dis- 
charsc  ^  is  a  consequence  not  only  of  the  total  fall  k  in  the 
entire  length  of  the  channel,  but  also  of  the  dimcn.'iions  of  the 
various  cross-sections.  The  assumption  has  been  made  that  a 
and  r  are  constant  in  each  of  the  parts  considered ;  this  can  be 
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realized  by  taking  the  lengths  /i,  /j,  -•  /,  suftkicntly  short.  It 
only  one  part  be  curisidercd  in  which  a  and  r  are  conftlant.u,  and 
fli  are  equal,  all  Ihc  tern-.s  but  one  in  the  second  member  disappear, 
and  the  last  equation  reduces  toy  =  co  VrA,7, which  is  the  Chc/y 
formubt  for  the  discharge  in  a  channel  of  uniform  cross-seclion.     M 

An  important  practical  problem  is  that  where  the  steady  flow  " 
is  non-uniform  in  a  channel  having  a  bed  with  constant  slojic,  a 
condition  which  may  be  caused  by  an  obstruction  below  the  part  i 
considered  or  by  a  sudden  fall  below  it.  Let  ai  and  Oj  be  ihej 
areas  of  the  two  sections.  /  their  distances  apart,  and  ri  and  t^! 
the  mean  velocities,  Then,  if  a  and  r  be  average  values  of  the ' 
arcasi  and  hydraulic  radii  of  the  cros.<i-5cctions  throughout  the) 
length  /,  the  last  (ormuhi  becomes 


3g\0l 


ai' 


C^a>r 
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Now  the  important  problem  is  to  discuss  the  change  in  depth  i 
between  the  two  sections.     For  this  purpose  let  Ai/U  in  Fig.  137 

be  the  longitudinal  prolilc  of  the 
water  surface.  let  AiD  be  hori- 
zontal, and  ^  iC  be  drawn  parallel] 
to  the  bed  B,Bi.  The  deplt 
Ailii  and  A^B,  arc  rcprescntt 
by  di  and  dt.  the  latter  being 
t-ikcn  as  the  larger.  Let  i  be  the 
constant  slope  of  the  bed  BiBt;  then  DC  =  il,  and  since  DAt 
and  AtC  =  d-i  —  dt.  there  is  found  for  the  fall  in  the  length  /, 

h^ii-(di-d,) 

Inserting  this  value  of  A  in  the  preceding  equation  and  solving 
for  /,  there  is  obtained  the  important  formula 

/=- 


»gW 


.-) 


(137)i 


from  which  the  length  /  corresponding  to  a  change  in  depth  df  —  d[ 
can   be   approximately   computed.     Tliis   formula   is   the   tni 
accurate  the  shorter  the  length  /,  since  then  the  mean  quality 
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a  ami  r  can  be  obiaiciL-d  wilL  greater  precision,  and  c  is  subject 
to  less  variation. 

The  inverse  problem,  lo  find  the  change  in  depth  when  /  is 
given, cannot  he  dircclly  ftolved  by  this  formula,  beaiusc  the  areas 
are  functions  of  the  depths.  When  dt  --  diis  small  compared  with 
either  dy  or  d^,  it  is  allowable  to  regard  di  as  equal  lo  di  when  they 
are  to  be  added  or  multiplied  together.    Hence 

I  _  I  ^ai*-ai*  ^<k*-di^  _(di  +  d:)(di-di)  _'2(di-d,) 

also  making  a  equal  to  ni  and  r  equal  to  </i  in  the  last  formula, 
and  solving  for  dt  —  di,  there  is  found 

di-di     f-g*/c'6'rf|' 

from  which  the  change  in  depth  can  be  computed  when  all  the 
other  quantities  arc  given. 

Fig.  137  is  drawn  for  the  case  of  depth  increasing  down- 
Stream,  but  the  reasoning  is  general  and  the  formuhis  apply 
equally  well  when  the  depth  decreases  with  the  fall  of  the  stream. 
Id  the  latter  case  the  point  Aa  is  below  C,  and  dt  —  d,  will  be 
negative.  .As  an  ex;imple,  let  il  be  required  to  determine  the 
decrease  in  depth  in  a  rcrtangular  conduit  5  feet  wide  and  m  feet 
long,  which  is  laid  with  its  bottom  level,  the  depth  of  water  at 
the  entrance  being  maintained  at  2  feet,  and  the  quantity  sup- 
plied being  20  cubic  feet  per  second.  Here/  =  353.6  =  $,di  =  2, 
q  =  so.  and  i  =  o.  Taking  c  =  89,  and  substituting  all  values 
in  the  formula,  there  is  found  di  — di  =  —0.09  feet ;  whence  di  = 
1.91  feet,  which  is  to  be  regarded  as  an  approximate  probable 
value.  It  is  likely  that  values  of  di  —  di  computed  in  this 
manner  are  liable  to  an  uncertainty  of  15  or  20  percent,  the  longer 
the  distance  /  the  greater  being  the  error  of  the  formula.  In 
strictness  also  c  varies  with  depth,  but  errors  from  this  cause 
are  small  when  compared  to  those  arising  in  ascertaining  its 
value  from  the  tables. 

Prob.  137.  FxpLiin  why  formuU  (137)i  cannot  be  luul  for  ibe  abovk 
example  nhcn  the  slope  t  is  o.oi. 


348 


Cfiap.  10.     Ttu>  Flow  of  Rivera 


Aht,  138.    Tfu:  Surfac:e  Curvk 

In  the  ease  of  steady  uniform  flow,  in  the  channel  where  the 
bed  has  a  conslant  grade,  the  slope  of  the  water  surface  is  paral- 
lel to  that  of  the  bed.  and  the  longitudinal  profile  of  (he  water 
surface  is  a  straight  line.  In  steady  non-uniform  flow,  however, 
the  slope  of  the  water  surface  continually  varies,  and  the  lon^ 
tiidinal  profile  is  a  curve  whose  nature  is  now  to  be  investigated. 
As  in  the  last  article,  the  width  of  the  channel  will  be  taken  as 
constant,  its  cross-section  will  be  regarded  as  rectangular,  and 
it  will  be  assumed  that  the  stream  is  wide  compared  to  iudepth, 
so  that  the  wetted  perimeter  may  be  taken  as  equal  to  the  width 
and  the  hydraulic  radius  equal  to  the  mean  depth  (Art.  112). 
These  assumptions  arc  closely  fultilted  in  many  canals  and  rivers. 

The  last  formula  of  the  preceding  article  is  ripdiy  exact  if 
the  sections  a,  and  uj  are  consecutive,  so  that  /  becomes  Bl  and 
di  —  di  becomes  Sd.    Making  these  changes, 

si     i—q'/go'a^ 

in  which  d  is  the  depth  of  the  water  at  the  place  considered.  This 
is  the  general  differential  equation  of  the  surface  cur\'e,  I  being 
measured  parallel  to  the  bed  HB,  and  d  upward,  while  the  angle 
whose  tangent  is  the  derivative  &//E/  is  also  measured  from  BB. 

To  discuss  this  curve,  let  CC  be  the  water  surface  if  the  slope 
were  uniform,  and  let  D  be  the  dq>tli  of  the  water  in  the  wide 


-  jT-o 


i  f 


Fig.  138d. 
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:tangular  channel.    The  slope  s  of  the  water  surface  is  here 

equal  to  the  slope  i  of  the  bed  of  the  channel,  and  from  the  Chezy 

formula  (113),  _ 

J  =  tft  =  ctO  Vri  =  cbD  y/D$ 


Th«  Surface  Curve.     Art.  138 


This  value  of  q,  inserted  in  the  differential  equation  of  the  sur- 
face curve,  reduces  it  to  the  form. 


U 


S 


(138), 


in  which  d  and  /  are  the  only  variahles,  the  former  being  the  ordi- 
nate and  the  latter  the  abscissa,  measured  paralk-l  to  the  bed  BB, 
of  any  point  of  the  surface  curve.  The  derivative  id/Bl  is  the 
tangent  of  the  angle  which  iJie  tangent  at  any  point  of  the  sur- 
face curve  makes  with  the  bed  BB  or  the  surface  CC. 

First,  supijosc  that  D  is  less  than  d.  as  in  Fig.  138a,  where 
AA  is  the  surface  curve  under  the  non-uniform  flow,  and  CC  is 
the  line  which  the  surface  would  take  in  case  of  uniform  flow. 
The  numerator  of  (138)a  is  then  positive,  and  the  denominator 
is  also  positive,  since  t  is  very  small.  Hence  Sd  is  positive,  and 
it  increases  with  d  in  the  direction  of  the  flaw;  going  up-stream 
it  decreases  with  d,  and  the  surface  cur\'e  becomes  tangent  to  CC 
when  d  ~  D.  This  form  of  curve  is  that  usually  produced  above 
a  tiam ;  it  is  called  the  "backwater  curve,"  and  will  be  discussed 
in  detail  in  Art.  140. 

Second,  let  d  be  less  than  D,  as  in  Fig,  1386,  The  numerator 
is  then  negative  and  the  denominator  positive ;  Sd  is  accordingly 
negative  and  AA  \s  concave  to  the  bed  BB.  whereas  in  the  former 
case  it  was  convex.  This  form  of  surface  curve  is  produced  when 
a  sudden  fall  occurs  in  the  stream  below  the  point  considered ; 
it  is  called  the  "drop-domi  cur\'e"  and  is  diacus.sed  in  Art.  HI. 

Formula  (I38)i  may  also  be  put  into  another  form  by  substi- 
tuting for  q  it.s  value  Mv,  where  i>  is  the  mean  velocity  in  the  cross- 
section  whose  depth  is  d.    It  thus  becomes 


hi 


,,!_ 


Sd 


(138), 


and  by  its  discussion  the  same  conclusions  are  derived  as  before. 
When  V  is  equal  to  c  VSi.  the  inclination  Bd.Bl  becomes  zero,  and 
the  slope  of  the  water  surface  is  parallel  to  the  bed  of  the  stream. 
When  V  is  less  than  c  Vrf7,  the  numerator  is  negative,  and  if  the 
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denominator  is  also  negative,  the  case  of  Fig.  1 3^  results.  When 
r  is  greater  than  c  Vdi  and  the  denominalor  is  negative,  the  case  of 
Fig.  138fr  obtains.  When  v  equals  V^,  the  value  of  id/U  is 
infinity  antl  the  water  surface  stands  normal  lo  the  bed  of  the 
stream ;  this  remarkable  case  can  actually  occur  in  two  W3>'S, 
and  they  will  be  discussed  in  Art.  139. 

Piob,  138.  Let  the  vclodly  of  the  stream  be  »o  f«J  per  second,  Uic 
value  of  c  be  So,  and  the  slope  l>e  t  on  looo.  Compute  vuluet  of  Sd/U 
toi depth oi  it.i.  13. i,  11-4.  U.S. and  12.6  feet;  then dmv the surfaoc curve. 


AitT.  139. 


I 

I 


The  Jump  and  the  Bore 

A  very  curious  phenomenon  which  sometimes  occurs  in  shallow 
channels  is  that  of  the  so-called  "jump,"  as  shown  in  Fig.  139.1. 

This  happens  when  the  denomi- 
nator in  (138)j  is  zero ;  then  Bd/U 
is  infinite,  and  the  water  surface 
stands  normal  to  the  bed.     Plac-     , 
ing  that  denominator  equal  torn 


-.^ 


F!g.l3S4. 


EJiomi- 
■-  jumps 


zero,  there  is  found  r*  =  gd.    Now 
by  further  consideration  it  will  appear  that  the  var>ing  denomi- 
nator in  passing  through  zero  changes  its  sign.    Above  the 
where  the  depth  is  di  the  velocity  is  slightly  greater  than 
and  below  it  is  less  than  ^/gd^.   The  conditions  for  the  occurrence 
of  the  jump  are  that  an  obstruction  should  be  in  the  stream  below. 
that  the  slope  i  should  not_be  small,  and  that  the  velocity 
should  be  greater  than  Vgdi.    To  find  the  necessary  slope,  thftj 
algebraic  conditions  are 

vi  =  cVd^    and    Vi>Vgdi    whence    »>j/c* 

and  accordingly  the  jump  cannot  occur  when  » is  less  than  g/c^. 
For  an  unplancd  plarU^vd  trough  c  may  be  taken  at  about  loo; 
hence  the  slope  for  lhi.s  must  be  equal  to  or  greater  than  0.00322. 
To  find  the  depth  di  when  d\  and  vi  arc  given,  it  will  be 
assumed  that  the  bed  of  the  channel  is  horizontal,  and  that  there 
are  no  frictional  losses  between  the  sections  di  and'iJa;  then 


*i 


va^ 


di+^=da+^ 
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where  the  first  member  is  the  total  head  in  the  section  di  and  the 
second  is  that  in  di.  Inscrtinfi  for  V2  its  equivalent  vidi/di, 
letting  h  represent  tlie  velocity-head  v{^/ig,  and  solving  the  equa- 
Uon  ford,,  gives  ^^^  ^^^^^^^^^-^ 

which  IS  the  formula  first  deduced  by  Belanger.  The  following  is 
a  comparison  of  the  computed  dq>ths  dj  with  those  obscrv'cd  by 
Bidone  in  1818  for  four  experiments,  di  being  in  feet  and  ri  in 
feet  per  second,  s  being  taken  as  32.19  feet  per  second  per  second 
(or  Paris,  where  Bidone  made  the  experiments: 


Vdodtrn 

OliKnredifi 

ObiwrvDcl  ii 

Compuitd  J) 

*-47 

O'SS 

o-*'j 

0434 

4-59 

0.1M 

C-A'i 

<M3» 

SS9 

O.J08 

0.613 

0.641 

6-K 

0.14  J 

0.764 

0.811 

It  is  seen  that  the  computed  values  arc  all  greater  than  those 
observed,  wliich  should  be  the  case,  as  frictional  resistances  have 
been  neglected,  but  on  the  whole  the  agreement  is  fair.  Ex- 
periments made  at  Lcliigh  University  in  1894  show  abo  a  fair 
agreement  between  computed  and  obscn'cd  values.*  The  depths 
in  these  experiments  were  less  than  in  those  of  Bidone,  but  higher 
relative  jumps  were  obtained.  For  instance,  for  :'i=4.33  ^^^  P*^ 
second  and  di  =0.038  feet,  the  observed  value  of  rfa  was  0.167  ^^^1 
but  the  value  computed  from  the  above  formula  is  0.177  f^*i 
here  the  hright  of  tlie  jump  di—d,  is  more  than  three  limes  the 
depth  di,  while  it  is  usually  about  twice  di  in  the  above  records 
from  Bidone.  Again  for  ^1=3.56  feet  per  second  and  rfi  =0-036 
feet  in  the  Lehigh  experiments,  the  obser\ed  value  of  da  was 
0.153  feet,  while  the  computed  value  is  0.147  f^t- 

Another  remarkable  phenomenon  is  that  of  the  so-called 
"  bore,"  where  a  tidal  wave  moves  up  a  river  with  a  vertical  front. 
It  is  also  seen  when  a  large  body  of  water  moves  down  a  cafion 
after  a  ht^ivy  rainfall,  or  when  a  reser\'oir  bursts  and  allows  a 
large  discharge  suddenly  to  escape  down  a  narrow  valley.  In  the 
great  flood  of  1889  at  Johnstown,  Pa.,  such  a  vertical  wall  of  water, 
•  Engineering  News,  189J,  vol.  34,  p.  ai. 
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variously  estimated  at  from  lo  to  30  feet  in  height,  was  seen  to 
move  down  the  vallty,  carrjing  on  its  front  brush  and  logs  mingW 
with  spray  and  foam.*      In  41  minutes  it  travcJed  a  distance  of 

13  miles  down  the  descent  of  380  feeL 
The  velocity  was  hence  about  28  feet 
per  second. 

Fig.  139b  shows  the  form  of  sarhct 
cur\-e  for  this  case,  and  by  reference  lo 
(13S)i  it  is  seen  that  Sd/il  must  he  negative  and  that  it  bu 
the  value  "O  at  the  vertical  front.  'ITie  conditions  for  the  occur- 
rence of  the  bore  then  arc 

v=V^d    and    v>cy/4i    whence  •<g/c^ 

For  the  Johnstown  £ood,  taking  c  as  iS  feet  per  second,  the  value 
of  d  found  from  this  equation  is  24  feet ;  it  was  probably  greater 
than  this  in  the  upper  part  of  the  valley  and  less  in  the  lower 
part.  Since  the  value  of  i  is  about  i/iSo,  it  follows  that  c  must 
have  been  less  than  76.  The  conditions  here  established  show 
that  the  flood  bore  will  occur  when  the  velocity  becomes  equal 
to  Vgt/,  provided  c  is  less  than  ^'x'■  I*  appears,  therefore,  that 
roughness  of  surface  \a  an  essential  condition  for  the  formation 
of  the  bore  in  a  steep  valley. 

The  bore  can  also  occur  in  a  canal  with  horizontal  bed  when  a  lock 
breaks  above  an  empty  level  reach,  provided  v  becomes  equal  to  Vgrf. 
No  case  of  this  kind  appears  lo  be  on  record,  and  there  seems  to  be  no 
way  of  ascertaining  whether  the  actual  velocity  will  reach  the  limit 
VgS.  If  the  bore  occurs  and  the  depth  of  the  vertical  wall  be  d^,  its 
distance  from  a  point  where  the  dqith  is  i/|  is  found  from  (139)t  by 
in»eninK  in  it  the  value  of  g  corresponding  to  the  critical  velocity  f. 
Thus  may  be  shown  that  for  c  =  80  and  rfj  =  irfi  the  length  /  is  273^1- 
The  tidal  bore,  which  occurs  in  many  large  rivers  when  the  tide 
flovs  in  at  their  mouths,  obeys  similar  laws.  Here  the  slojie  1  may  be 
taken  as  zero,  while  c  is  probably  very  large,  so  that  roughness  of  sur- 
face is  not  an  essential  condition.  The  great  bore  at  Hangchow, 
Ctuna,  which  occurs  twice  a  year,  is  said  to  travel  up  the  river  at  a  rate 
of  from  to  to  13  miles  per  hour,  ihe  height  of  the  vertical  front  being 
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*  Tmuactioiu  Amtricw)  Society  ol  Civil  Engineers,  i8Sg,  vat.  It,  p.  S&t* 
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Trom  lo  to  lo  feet.*  From  v  =  v  ^A,  the  velocity  corresponding  to  a 
depth  of  lo  feel  i.i  ii.6  mile*  [Kt  hour,  while  that  corrcs]Kindiiig  lo  a 
depth  of  ao  feel  is  1 7  miles  per  hour,  so  that  the  statements  have  a  fair 
aRTcemcnl  wilh  the  tlieoretical  law.  Tliis  investigation  indicaiirs  that 
the  velocity  of  the  tidal  bore  depends  mainly  uj>on  the  depth  of  the 
tidal  wave  above  the  river  surface,  but  it  may  be  noted  thai  other 
discussioR»t  regard  Ihe  dqXh  of  the  river  itself  iis  an  dement  of  impor- 
tance, and  Art.  191  considers  this  with  respect  lo  common  waves. 

Prob.  139.  When  the  height  of  the  jump  is  three  times  the  depth  d,, 
show  ihal  ihe  veJocity  v\  raual  be  iVijifi-  Also  show  that  o.4t4di  is  the 
minimuni  height  oi  a  jump. 

Art.  140.    The  Backwater  Curve 

When  a  dam  is  built  across  a  channel  the  water  surface  is 
raised  for  a  long  distance  up-stream.  This  is  a  fruitful  source 
of  contention,  and  accordingly  many  attempts  have  been  made 
to  discuss  it  theoretically,  in  order  lo  be  able  lo  compute  the 
probable  increase  in  depth  at  variuus  distances  back  from  a  pro- 
posed dam.  Xonc  of  these  can  be  said  to  have  been  successful 
except  for  ihe  simple  case  where  the  slope  of  the  bed  of  the  channel 
is  constant  and  its  cross-section  such  that  the  width  may  be  re- 
garded as  uniform  and  the  hydraulic  radius  be  taken  as  equal  to 
the  depth.  These  conditions  arc  closely  fulfilled  for  some  streams, 
and  an  approximate  solution  may  be  made  by  the  formula  (137)3. 
It  is  desirable,  however,  to  obtain  an  exact  equation  of  the  sur- 
face curve. 

For  tlu's  purjwse  lake  the  difTcrcntial  equation  of  the  surface  curve 
given  in  (138)i,  and  let  the  indepeniient  variable  d,  D  lie  represented 
by  X.    Then  it  may  be  put  into  the  more  convenient  form 


tt     Of    .\~ 


m 


(140). 


in  which  /  Is  the  abscissa  and  Dx  the  ordinate  of  any  point  of  the  curve. 
The  general  tntegntl  of  this  is 


I- 


•  Skt(lroorc'«Chinn,thcI.ong-live(l  nm;Mre(New  York),  tgoo,  p.  aw- 
t  C.  H.  Darwin,  The  Tidrs,  p.  6j ;  Ccnlutj-  Magazine,  vol.  34,  p.  903. 
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which  h  the  equation  of  the  surface  cun-c,  C  being  the  constant 
integration.    To  use  this  let  Uie  logarithmic  and  circular  functioa 
in  the  second  parenthesis  of   the  second  member  be  designated  by 

^(x)  or  ^{d/D),  namely, 

ay  +  i 
V3 


*W  =  *(<f/Z))  =  |log.^^^ 


■  — -  arc  cot 
Vi 


Then  the  above  value  of  I  may  be  written 


.=f-«6-f>(i)+c 


Fie.  140a. 


Now  let  rfj  be  the  depth  at  the  dam  and  let  /  be  measured  up-stream 
from  that  |»int  lo  u  section  where  the  depth  is  di.  Then,  taking  the 
integral  between  these  limits  the  constant  C  disappears,  and  I 

'-^■+K;-?)[*(«)-*©]       w*"- 

which  is  the  practical  formula  for  use.  In  like  mannerist  may  rcpre- 
6cnt  a  depth  at  any  given  section  and  rfi  any  depth  at  the  di^itancc  t 

up  the  stream. 

When  d  =  D,  ihe  depth  of 
the  backwater  becomes  equal  to 
that  of  the  previous  uniform 
flow,  X  is  unity,  and  hence  I  b 
infinity.  The  slo|)e  CC  of  luii- 
form  flow  is  therefore  an  asymptote  to  the  backwater  curve,  Accord- 
in^fiy  the  dejUb  i/,  is  always  grcaler  than  D,  although  practically 
the  difference  may  be  very  small  for  a  long  distance  /. 

In  the  iiivestiKation  of  backwater  problems  by  the  above  formula 
there  are  two  casts:  first,  rfj  and  d^  may  be  given  and /is  to  be  found; 
and  second,  /  and  one  of  the  ilcpths  are  given  and  the  other  depth  is    _ 
to  be  found.    To  solve  these  problems  the  values  of  the  backwater  I 
function  ^(rf/D)  computed  hy  Rresse  are  given  in  Table  140.*    The 
argument  of  the  table  is  D/d,  which,  being  always  less  than  unity,   _ 
is  more  convenient  for  tabular  puq>0!!;es  than  d/0,  since  (he  values  of  I 
the  latter  range  from  i  to  cc.     By  the  help  of  Tabic  140  practical 
problems  may  be  discussed  and  the  following  examples  will  illustrate 
the  method  of  procedure. 
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*  BrcMc's  Mtemktue  aippUqufa  (Prm,  iS68),  voL  a,  p.  556. 
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r         Table  140.    Values  of  the  Baczwateh  Function 
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7 

•d) 

P 

d 

0 

n 

0 

0 

1. 

M 

6-954 

0.90J3 

0.&4S 

0.S037 

0.61 

O.J058 

0-W9 

J-tSii 

■9S» 

.893' 

J40 

■493" 

.00 

.1080 

-ws 

1.9J3  3 

.050 

.879s 

■83s 

.4831 

■59 

■  lOos 

■W7 

1.8171 

.948 

.866s 

.830 

■4733 

■58 

.1833 

.996 

"■7*«i 

.946 

■»Si^ 

.835 

■4637 

■57 

.1761 

■Wi 

1.6469 

.944 

.8418 

.830 

■4544 

-S6 

.1691 

•994 

1.5861 

.941 

.8301 

.8.5 

■4454 

-SS 

.1635 

MJ 

I^SJ4« 

.940 

.8188 

.810 

■4367 

■34 

.1560 

■99a 

1.490* 

-938 

-8079 

.80s 

.4181 

■S3 

.»49T 

«' 

1.4510 

.936 

-7973 

.Soo 

.4I0» 

■5» 

-■435 

flW 

l.4>S9 

.9.54 

-78?  1 

■79S 

■4117 

■51 

.1376 

.989 

■384' 

-93' 

-7773 

.790 

.4039 

.50 

.13'8 

.988 

i.JSS' 

.930 

-7&7S 

■7«J 

.3963 

.49 

,1161 

-987 

I.3J84 

.918 

.7S8l 

.780 

.3S86 

_l8 

.13*7 

.986 

I-30J7 

.916 

-J40O 

■77S 

-jSi.i 

.47 

-1154 

.985 

1.3807 

-914 

.7401 

■77* 

■374t  . 

.46 

.1103 
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1.1593 

.9»j 

■T3»S 

■763 

.3671 

•45 

.103* 

^3 
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A  stream  of  5  feet  depth  is  to  Ih>  dammed  so  that  the  water  fhaW 
be  10  feel  dcej>  a  short  di;itanc«  up-slrcam  from  the  dam.  The  uni- 
form slope  of  its  bed  and  surface  is  0.000180,  or  a  little  less  than  one 
foot  per  mile,  and  its  channel  is  such  th;it  the  coefficicnl  c  is  65.  It 
is  required  to  find  at  what  distance  up-sticam  the  depth  of  water  b 
6  feet.  Here  D  =  $,  d,  =  10,  d^  =  6  feet,  1/1  =  s^OL  and  C*/g 
iji.  Now  D/d,  =  0.5,  for  which  the  tabic  gives  ^(di//>)  =  o.ijiS, 
and  D/d,  =  o.8j3,  for  which  the  table  gives  0(rf,//))  =  0.4791. 
These  values  inserted  in  (140)jgivc 

;  =  5291(10 -6) +  5(5391- 130(0-4793 -o-i3>8) 

from  which  f  =  30  125  feet  =  570  miles.       In  this  case  the  vraterl 
raised  one  foot  at  a  distance  5.7  milc&  up-stream  from  the  dam. 

The  inverse  problem,  to  compute  rfi  or  dx,  when  one  of  these  and 
I  are  given,  can  only  lie  solved  by  repeated  trials  by  the  help  of  Table 
140.  For  example,  let  /  =  30  laj  feet,  the  other  data  as  above,  and 
let  it  be  required  lo  determine  J.  so  that  d^  shall  be  only  5.3  feet,  or  o.a 
greater  than  the  original  depth  of  5  feet.  Here  D/d,  =  0.963,  (or 
which  the  table  gives  ^{dJD)  =  0.9709..    Then  (140)t  becomes 

30135  =  539i(rf|-  5.a)+3s8oo[(X9709-*(</t//>)l 

which  is  easily  reduced  to  the  simpler  form 

32  590  =  5391  rfj  —  25  Soo  ^(Jj/D) 

Values  of  rfj  are  now  to  be  assumed  until  one  is  found  that  sati<tii» 
this  equation.  Let  1/5  =  ^  feet,  then  (/J,  </»)  =  0.615  ''"'1.  from  the 
tabic,  ^{dt/D)  =  o.ii8o;  substituting  these,  the  second  member  be-  ■ 
comes  36  700,  which  shows  thai  Ihe  assumed  v.ihie  is  tixi  large.  Again, 
take  rfj  =  7  feet,  then  O/rf,  =  0.714,  for  which  *((yt,t>)  =  0.3047, 
whence  the  second  member  is  29  300,  showing  that  7  foci  b  too  smsIL 
If  rf,  =  7.4  feet,  then  D.'d^,  =  0.675  and  ^(dt/D)  =  0.3619.  and  vrilh 
these  values  the  equation  is  nearly  satisfied,  but  7.4  is  still  too  sRialL 
On  trying  7.5  it  is  found  to  be  too  large.  The  value  of  d^  hence  lies 
between  7.4  and  7.5  feet,  which  is  a.^  close  a  solution  as  will  generally 
be  required.  The  height  of  dam  required  to  maintain  this  depth 
now  be  computed  from  Art,  136. 

If  the  slope,  width,  or  dq)th  of  the  stream  changes  materially, 
the  above  method,  in  which  the  distance  I  is  measured  from  the  dam 
as  an  origin,  cannot  be  used.    In  such  cases  the  stream  should  be  di- 
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I  into  reaches,  for  each  of  which  the  slope,  width,  and  dqjth  can 
be  ti^rdcd  as  constant.  The  formula  can  then  be  used  for  the  first 
reach  and  the  depth  of  its  ugiper  ^etion  be  >lelermine<l ;  then  the  ap- 
plication can  t^e  made  U>  the  next  ivach.  and  so  on  in  order.  For  com- 
mon rivers  and  for  shallow  canals  it  will  probably  be  a  ^iiod  plan  to 
determine  D  by  actual  mea^^tirement  of  ihe  area  and  wetted  perimeter 
of  the  cross-section,  the  hydraulic  radius  computed  from  these  being 
taken  as  the  value  of  D.  Strictly  speaking,  the  «)eflidcnt  c  varies  with 
the  slope  and  with  D.  and  its  values  may  be  found  by  Kuttcr's  for- 
mula,if  it  be  thought  worth  the  while.  Even  if  this  be  dune,  lher«ults 
of  the  computations  must  be  regarded  as  liable  to  considerable  un- 
certainty. In  computing  depths  forgiven  lengths  an  uncertainty  of 
lo  percent  or  more  In  the  value  of  di—di  should  be  expected. 

The  following  method  of  computation  is  rctidily  applicable  lo 
cases  of  backwater  and  gives  results  which  arc  often  sufficiently 
satisfactory.  The  distance  /  between  two  sections  does  not  ap- 
pear in  the  formulas,  but  it  is  essential  that  this  distance  shall 
be  small  enough  so  that  the  water  surface  between  them  may  be 
regarded  as  a  straight  line.  In  some  streams  the  distance  apart 
of  sections  may  be  as  high  as  looo  (eel,  in  others  smaller.  Let 
Kig.  I40i  represent  the 
case  of  a  stream  where 
an  obstruction,  which 
is  somv  distance  down- 
stream from  the  sta- 
tion JIf ,  causes  a  rise  of 
the  original  surface. 
At  the  sc%'cral  stations 
i/,  .V,  P,  Q,  R,  etc..  elevations  of  the  original  surface  above 
a  datum  plane  are  taken.  A  cross-section  of  the  stream  is  also 
made  at  each  station,  the  levels  being  extended  upward  on  the 
banks  so  that  for  any  water  level  the  area  a  and  the  wetted 
perimeter  p  may  be  ascertained  from  a  drawing.  At  the  first 
station  M  the  elevation  of  the  backwater  is  known,  it  being 
either  assumed  or  computed  from  Art.  136.  The  problem 
then  is  to  detennine  the  elevation  of  the  backwater  at  each  of 
the  stations  up-stream  from  M. 
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Iwg.  140c  shows  on  a  larger  scale  llie  profile  belwe«n  .V  ano 
JV  and  iilso  the  Iwo  cross-sections  at  M  which  arc  drawn  from  _ 
the  given  data.  In  this  diagram  the  elevations  of  Mi,  St-i.  and  A'j  f 
are  knuwo,  and  it  is  required  lo  lind  that  of  A'*.    Let  di  and  at 

'^u _ 

X, 


Fit;.  I4U(. 


denote  the  areas  of  the  cross-section  at  M,  the  first  for  the  original 
flow  and  the  second  for  the  backwater,  and  let  />i  and  p%  be  the 
corresponding  welted  perimeters.  Let  hi  be  the  known  difference 
of  the  elevatinns  of  Mt  and  .Vj,  and  fh  the  unknown  difference 
of  the  elevations  of  Mt  and  Nt.    Then  the  formula 


at'pi 


(140), 

determines  kt,  and  accordingly  the  elevation  of  *Vj  is  known.   This 
formula  expresses  the  condition  that  the  same  quantity  of  water  f 
flows  through  the  cross-sections  Ji  and  uj,  and  it  is  deduced  as  ^ 
follows.      The  mean  discharges  in  these  two  sections  are,  from  the  j 
Chczy  formula,  Cioi  V^iJi  and  CiOt  Vi^    Equating  these,  re-  ■ 
placing  ri  and  n  by  ai'P\  and  ai.'Pi.  squaring,  and  making  the 
coefficients  Ci  and  Cj  ecjual,  givts  the  equation  S\a\*/p\  =  StOt'/pt. 
Now  Ji  =  A|/  and  Sj  =  hj  where  /  is  the  distance  between  the  two 
sections.    Hence  hia^/Pi  =  lh<h'/Pj,  from  which  the  above  for-] 
mula  (140)»  at  once  rcsulLs. 

As  an  example,  take  the  case  of  four  stations  on  Coal  River, ' 
W.Va.,  data  for  the  original  water  surface  being  as  follows : 


.u 


.V 


jr 


SiaUon 

Elevation 

RUe  A). 

Aita         ai  -  JOJ4     jow     3"*     '7«     >340»q.  ft. 

Periaictcr  ^i  ~    15s      aCo      380      104       191  tt 


- 10.03     "  S,%    i".«    13-44    i4-39ft. 
1.48      0.41      1.49     Ou95ft- 
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and  lel  it  be  required  to  find  the  elevations  of  the  backvraler  sur- 
lact  when  an  obstruction  down-slream  from  M  raises  the  water 
to  elevation  1^.05  at  J/j.  Drawing  the  water  level  in  the  cross- 
section  at  M,  there  are  found  uj  =  3533  square  feet  and  ^  =  260 


(eel.    Then 


Aj  =  1.4S 


.30i4^X26o_ 


=  0.95  feet, 


Sution           =     if 

N 

P 

Q 

R 

Area           jg  =  jsjj 

3i^ 

isSo 

*540 

149Z  xi-  't. 

Perimeter  fi  -    360 

364 

zS6 

log 

m  ti- 

Rise          h,  - 

0-9S 

OJO 

i.to 

o.So[L 

Elevation      =  IZ.05 

»3oo 

IJ-JO 

M-40 

15.30  (1. 

3533^X255 

and  hence  the  elc^-ation  at  X3  is  ij.05  +  0.95  =  13.00  feet.  For 
this  water-level  the  cross-section  for  station  iV  gives  3390  square 
feet  area  and  264  feet  wcttt-d  perimeter  for  the  backwater  condi- 
tion.   Then  the  backwater  rise  at  station  P  is 

A.-o.42^^iJ^=  0.30  feet, 
3390* X 364 

which  gives  13.30  feet  for  the  elevation  of  the  backwater  surface 

at  P.    The  results  for  the  five  stations  are  arranged  as  follows, 

the  last  line  showing  the  required  elevations  of  the  backwater 

surface: 

t  While  there  are  several  assumptions  and  limitation.<^  in  this 

method,  it  does  not  appear  that  they  introduce  more  error  than 
that  which  obtains  when  the  formula  (MOlj  is  applied  to  a  stream 
of  irregular  section.  By  the  exercise  of  much  judgment  in  select- 
ing the  stations,  and  by  taking  the  data  for  a  cross-section  as 
the  mean  of  several  on  both  sides  .of  a  station,  it  is  believed  that 
the  method  can  be  used  with  much  confulence  in  all  cases  where 
extreme  conditions  do  not  obtain.  If  the  Chezy  coefficients  at  a 
station  can  be  found,  then  the  formula  (140)3  may  be  written  in 
the  more  exact  form 

Ai  =  A>c,'a,»/.,/c,VAi  (140)4 

Pmfe.  140.  A  stream,  having  n  rross-section  of  3400  siiiarc  feci  and 
a  wellid  perimeter  of  .;oo  feci,  has  a  unifonn  slope  of  a.07  fitt  pa  mile,  and 
its  channel  is  such  ihal  c  -  70.  It  i.i  pro[)osed  to  build  n  dam  to  niin;  the 
water  6  feet  above  (he  former  level,  without  incnyiaing  the  width.  Compute 
the  rise  of  the  backwater  st  a  diatancc  of  one  mile  up-stream- 
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Art  141.    The  Drop-down  Surface  Curve 

When  a  sud<Ien  f.-ill  occurs  in  a  stream,  tlie  water  surface  tor  a.  long 
disUnce  above  it  is  concave  to  the  bed,  as  seen  in  Fig.  13Sd  or  in  Fi£. 

141.  This  case  also  occurs  wlieii 
the  entile  discharge  of  a  caiui:  is 
allowed  to  flow  out  through  a  fore- 
bay  /'■  to  supply  a  water-power 
plant.  Let  D  be  the  original  uni- 
form depth  of  water  having  its 
surface  parallel  to  the  bed,  the 
slope  of  both  being  t.  Let  dt  and 
df  he  two  of  the  depths  after  the  steady  non-uniform  flow  has  been 
established  by  lettini^  water  out  at  F.  and  let  rf,  be  greater  than  d^,  the 
distance  between  them  being  /.  Tlie  investigation  of  the  last  article 
uppUcs  in  all  respects  to  this  form  of  surface  curve,  and 


4 
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(141) 


is  the  equation  for  practical  use,  in  which  c  is  the  coefficient  in  the 
Chezy  formula  v  =  c^/rs,  and  g  Ls  the  acceleration  of  gravity.    Table 
140  cannot,  however,  be  used  for  this  case  because  d/D  in  that  table  _ 
is  greater  than  unity,  while  here  it  is  less  than  unity.  I 

The  function  *(rf/W)  with  values  of  d/D  less  than  unity  is  here 
called  the  "drop-dovra  function,"  in  order  to  distinguish  it  from  the 
backwater  function  of  the  la«t  article,  although  the  algebraic  expression 
for  the  two  functions  is  the  same.  Table  141,  due  also  to  Uressr, 
gives  values  of  this  drop-down  function  for  values  of  the  argument 
d/D,  ranging  from  o  to  i ,  and  by  its  use  approximate  solutions  of  prac- 
tical problems  can  be  made.  For  example,  take  a  canal  lo  feet  deep, 
having  a  coefTicJi-nt  c  equal  to  to,  and  let  the  slojw  of  its  Iteti  lie  i  /5000 
and  its  surface  slope  be  the  same  when  the  water  is  in  uniform  flow. 
Here  D  =  10  feet,  c*/|  =  aoo,  and  i/»  =  5000.    Then 


=  -  sooo{rf.  -d,)  +  AS  ooc[*(|)  -  *  (^)] 


J 


Now  suppose  that  a  break  occurs  in  tlic  bank  of  the  canai  out  of  which 
rushes  more  water  than  that  delivered  in  normjd  How  when  the 
is  10  feet,  and  let  it  be  required  to  find  the  distance  between  two  point 
where  the  dq)ths  of  water  are  8  and  7  feet.    Here  d^'D  =  0.8,  for  w-hic 


r- 
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141.     Values  of  the  Drop-down  Function 
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4i(di/0)  =  o.345(),  and  di/D  =  0.7.  for  which  iiidt/D)  =  0.1711. 
scriing  ihfise  values  in  the  equation,  Ihcrc  is  found  /  =  7890  feet. 

In  thb  cose  there  iis  a  certain  limiting  depth  below  which  the  above 
f«nnul;i  is  not  valid.  This  limit  is  the  value  of  x  for  which  hl'&x 
becomes  zero  or  the  value  of  x  where  the  surface  curve  is  vertical  and 
the  bore  occun  (ArL  130).     l-'rom  (140)i  this  happens  when 

*»  =  <A'/^    or     d  =  Z)(c=,V«)* 

and  for  the  above  example  tins  limiting  dei»lh  is  found  to  be  3.4  feet. 
Near  this  limit,  however,  the  \'elodty  becomes  large,  so  that  there  is 
much  uncertainty  regarding  ilic  value  of  the  coefficient  C. 

When  a  given  discharge  per  second  is  taken  out  of  a  forcbay  at  the  j 
end  of  u  ainal  having  its  bed  on  n  »lo|)e  1,  the  al>ove  formula  must  he 
mollified.  Let  q  be  the  discharge  and  let  A  be  the  depth  at  a  section 
where  the  slope  is  it,  then  9  equals  cbDi  V/^|S.  If  this  value  of  9  l>e  sub- 
stituted in  the  equ^ition  H38)i  and  then  the  same  reasoning  be  followed 
as  at  the  beginning  of  Art,  140,  it  will  be  found  that  fonnula  (MI) 
will  apply  to  this  case  it  />i(j/'i)l  be  used  instead  uf  D.  For  example, 
lei  1/  =  3000  cubic  feet  per  second,  Di  =  10  feet, »  =  i/ioooo,  0  =  80^ 
and  the  width  b  =  100  feci.    Then 

J  =  9»/c'6»A*  =  1/7100        £>.=  A{j/fl*  =  11.3  feet. 

Now  if  it  be  required  to  find  the  distance  between  two  [>uints  where  I 
depths  of  water  arc  10  and  9  feet,  formula  (141J  can  be  directly  applied,! 
and  accordingly  there  is  found,  by  the  help  of  Table  141, 

/=  —10000(10— 9)+ 109  800(0.578— 0.355}  =  14  400  ^«cli 

an(J  hence  a  forebay  udmitting  the  given  discharge  will  not  draw  down 
the  water  to  a  depth  less  than  9  feet  if  it  be  located  14  400  feet  down- 
stream from  the  section  where  the  mean  depth  is  10  feet. 

Navigation  canals  arc  often  built  with  the  bed  horiwntal  bctwi 
locks,  and  here  t=o.    The  above  formulu  cannot  be  applied  to  th 
case  because  the  diSercntial  equation  (138)3  vanishes  when  i  a  zcr 
Todlscussit,  equation  (138)1  must  be  rei^umed,  and,  Inverling  the 
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from  which  /  may  be  (wmputeil  when  9  is  known.  As  an  example, 
take  11  tYclanjiuIar  trough  for  which  1/  =  20  cubic  feet  per  sccund, 
6  =  5  feet,  (■  =  Sfj,  and  Icl  di  =  2.00  (cet  anrf  ilj  =  1.91  (eel.  Then 
from  the  formula  /  is  found  to  be  317  feel.  This  is  the  reverse  of  the 
example  at  the  end  of  .\rt.  Kt7,  where  t  was  fiiven  as  33,;  feet,  ao  that 
the  ugreemeiil  is  very  good. 

To  compare  h  cunid  having  a  level  lied  with  the  one  |>rev-iously 
considered,  the  same  data  will  be  uscdj  namely,  rfi  =  10  feet,  1/1=9 
feet,  b  —  100  feet,  c  =  80,  and  q  =  ,ioco  cubic  feet  per  second.  Then 
from  (14l)z  there  is  found 

/=  1.778(10*  — 9*)—  300(10-9)  =  5920  ^^^1 

and  accordingly  the  water  level  is  drawn  down  in  one-third  of  the  dis- 
tance of  that  of  the  previous  case.  The  cjuanlity  of  water  that  can  be 
obtained  from  u  iiavigat'on  canal  is  uJways  less  than  from  one  having 
a.  sio[>ia^  bed,  and  it  h33  frequently  happened,  when  such  a  canal  is 
abandonetl  for  navi);;iti(in  pur['o*«^  and  is  used  to  furnish  waler  for 
power  or  for  3  pu1>lic  supply,  that  the  quantity  delivered  is  very  much 
smaller  than  wiks  exiicctcd. 

The  method  of  computation  explained  at  the  end  of  Art.  140 
may  be  usctl  also  to  determine  the  drop-down  curve.  Referring 
to  Fig.  1406  the  upper  curve  will  be  the  original  one  and  the  lower 
one  that  which  is  obtained  by  computation.  The  formula  {I40)j 
h  to  be  used  by  takmg  hi,  Oi,  pi  for  the  upper  curve  and  li^,  ai.  Pi 
for  the  lower  one.  For  example,  let  the  data  for  a  station  on 
the  upper  original  curve  be  ai  =  600  square  feet  and  ^i  =  80 
feet,  Oi  =  480  square  feet  and  ^  =  66  feet.  Let  the  elevations 
of  two  points  on  the  upper  curve  be  18.26  and  16.68  feet  so  that 
Ai  =  1. 58  feet,  then  the  fall  in  the  lower  curve  is 


u 


Ih^i.sS 


600^X66 


=  2.57  feel, 


48o»x8o 

and  hence  when  the  elevation  of  the  first  station  on  the  lower 
t"ur^'e  is  16.26  feet,  the  probable  elevation  of  the  second  .station 
on  that  curve  is  13.69  feel.  The  fall  2.57  feet  is  here  probably 
liable  to  a  considerable  error,  since  the  application  of  (I41)i  to 
these  data  gives  a  much  smaller  result  for  Aj.  Experiments 
are  greatly   needed   in  order   to  test   the  comparative  \'aluc  of 
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these  two  methods  of  computation,  and  these,  on  a  small  t 
might  well  be  undertaken  in  the  hydraulic  laboratory  of  an  engi- 
neering college. 

Prob.  I4I11.    A  canal  from  a  river  to  a  power  house  is  tvra  mileit  Ions,  I 
ilslMfl  1.1  on  aslo|)eof  1/10  ocx).  and  c  is  70.    WTicn  thcwAirr  is  in  uniform 
Row,  Uic  depth  D  ii,  6.0  fwt,  and  ihe  dischurge  is  800  cubic  (cet  per  second. 
If  there  bo  a  power  house  which  lakes  1000  cubic  fcrt  per  second,  find  the'] 

probubli^  ilt^j>lh  of  water  at  the  entrance  tu  its  forebay. 

Prob.  1416.    Show  thai  the  last  formula  in  Art.  136,  when  reduced  to\ 

the  metric  syntem,  becomes  r  —  p'  +  6.1  Vm. 

Prob,  14k,  A  stream  iSi  meters  wide  and  5  meters  deep  ha«  a  dis-1 
charge  of  131S  cuImc  meters  per  second.  Find  tile  lieighl  of  backwaicfj 
when  the  stream  is  contracted  by  picrsand  abutments  to  a  width  of  96  mclcre.  j 

I'rob.  I4l(/.    Which  has  the  greater  discharge,  a  stream  i,i  meters  deep 
and  JO  meters  wide  on  a  slope  of  i  meters  [>er  kilumeicr,  or  a  stream  1.6     , 
meters  deep  and  16  meters  wide  on  a  slope  of  1  meters  per  kilometer?  M 

Prob.  I4lc-  A  sttcnm  a  meters  deep  is  to  be  dammed  «a  that  water  shall 
be  4  mcicra  deep  at  the  dam.  Us  slope  is  o.oooj  and  its  channel  is  such  that 
the  mclric  value  of  C  is  jg.  Compute  the  distance  lo  a  section  \ip-»treajn 
where  the  depth  of  water  ia  3.6  mctcn. 
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CHAPTER   11 

WATER  SUPPLY  AXD   WATER  POWER 

Art.  142.    Rainfall 

A!!  the  water  that  flows  in  a  stream  has  at  some  pre%nous  time 
bceii  prwipitiitcd  in  ihc  form  of  rain  or  snow.  TTie  word  "rain- 
fall" means  the  total  rain  and  melted  snow,  and  it  is  usually 
measured  in  vertical  inches  of  water.  The  annual  rainfall  is 
least  in  the  frigid  zone  and  greatest  in  the  torrid  zone;  at  the 
equator  it  is  about  loo  inches,  at  latitude  40°  about  40  inches, 
and  at  latitude  60"  about  20  inches,  There  are,  however,  cer- 
tain places  where  the  annual  rainfall  is  as  high  as  500  inches,  and 
others  where  no  rain  ever  falls.  In  the  United  States  the  heaviest 
annual  rainfall  is  near  the  Gulf  of  Mexico,  where  60  inches  is 
sometimes  rcgi.stered.  and  near  Vuget  Sound,  where  qo  inches  is 
not  uncommon.  In  that  large  region,  formerly 
called  the  Great  American  Desert,  which  lies  be- 
tween the  Rocky  and  Sierra  Nevada  mountains, 
the  mean  annual  rainfall  does  not  exceed  15 
inches,  and  in  Nevada  it  is  only  about  7  J  inches. 
The  amount  of  rainfall  in  any  locality  depends 
upon  the  winds  and  upon  the  neighboring  moun- 
tains and  oceans. 

The  standard  t>-pe  of  rain  gage  used  by  the 
U.  S.  Weather  Bureau  has  a  diameter  of  8  inches. 
The  rain  falling  into  the  gage  passes  down  through 
the  funnel  shown  in  Fig.  I42a  and  into  the  small 
cylinder  A.  the  area  of  which  is  one-tenth  that  of 
the  gage.  One  inch  of  rainfall  therefore  will  give  a 
depth  of  10  inches  in  the  cylinder  A  and  small  falls  can  thus  be 
accurately  measured.    As  the  cylinder  A  fills  it  overflows  into 
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the  body  of  ihc  gage  B,  and  when  measured  is  simply  poured 
inlo  Ihc  rvMiider  A  after  the  water  it  contains  has  been  measured 
and  (Kiurtd  out.  These  gages  should  be  read  each  day  in 
order  thai  the  loss  due  to  evaporation  may  not  become  exces- 
sive and  introduce  material  errors.  Other  forms  of  rain  gages 
which  record  on  a  chart  each  one-hundredth  of  an  inch  of 
rainfall  at  the  lime  when  it  falls  are  made.  Such  gages  are 
of  particular  use  in  determining  the  rate  of  rainfall  and  the  time 
of  the  fall  rather  than  its  total  quantity. 

At  any  place  the  rainfall  in  a  given  year  may  vary  con»der' 
ably  from  the  mean  derived  from  the  observations  of  several  ; 
ycani.  Thus,  at  Philadelphia,  Pa.,  the  mean  annual  rainfall  bfl 
about  42  inches,  but  in  iSqo  it  was  50.8  in<jies  and  in  1883  it  was 
only  33.4  inches.  Similarly  at  Denver,  Col.,  the  mean  is  about 
14  inches,  but  the  extremes  are  about  20  and  q  inches.  \Mienl 
a  very  low  rainfall  occurs,  that  of  the  year  preceding  or  following 
is  also  apt  to  be  low.  and  estimates  for  the  water  supply  of  towns 
mu»t  take  into  account  this  minimum  annual  rainfall.  The 
distribution  of  rainfall  throughout  the  year  must  also  be  con- 
sidered, and  for  this  purpose  the  rainfall  records  of  the  given 
locality  should  be  obtained  from  the  publications  of  the  U.  S> 
Weather  Bureau  as  well  as  from  all  other  available  sc»urces 
and  be  carefully  discussed.  In  making  plans  for  a  water  supply 
it  should  be  the  aim  to  store  a  suflicient  quantily  so  that  an  ample 
amount  will  be  available  at  the  end  of  the  driest  period  which  is 
likely  to  occur.  In  Table  142  are  shown  the  average  rainfalls 
at  a  number  of  place*  in  the  United  States  for  the  four  seasons 
and  for  the  year;  in  estimates  for  vcrj-  wet  years  about  35  per- 
cent may  be  added  to  these  values,  while  for  very  dry  years  abou 
25  percent  may  be  subtracted. 

As  illustrating  the  variations  from  the  mean  rainfall  which 
may  be  expected  at  any  place  the  following  example  is  given. 
The  mean  rainfall  at  Philadelphia  is  about  41  inches,  and  tb 
following  arc  some  of  the  values  for  various  years:  39.6  inches  fi 
1835.  30.3  inches  for  i£8i,  61.3  inches  for  1867,  and  $$'5  ■°(^ 
for  1840. 
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The  annual  niinrull  at  any  locality  sci-ms  lo  vary  in  cycl$S>,l 
but  no  law  of  such  variation,  if  any  there  be,  has  yet  been  dis-j 
covered.    The  manner  of  variation  at  Philatlelphia  and  New-| 
York  is  shown  in  I'ig.  1426.  the  cur\-es  being  obtained  by  plot- 
ting for  each  year  a  value  for  the  rainfall  which  is  one-third  of 
the  sum  of  the  rainfalls  for  lliat  year,  the  preceding  year,  and  the 
following  year.    Tlie  curves  are  not  drawn  to  exactly  follow  the 
plotted  points,  but  arc  smoothed  out  in  order  to  better  illustrate 
I     the  probable  variations. 


From  Reoonb  o(  U.  S.  Weather  Bureau  to  igio^ 
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The  distribution  of  rainfall  from  place  lo  place  is  also  sulijc 
to  many  variations,  some  lotal  and  others  general  in  their  nature. 
Among  them  may  be  mentioned  both  the  topography  and  the 
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altitude  of  the  country  and  their  relation  to  the  prevailing  wind 
direction.    The  presence  of  large  bodies  of  water  in  the  neigh-' 
borhood  also  has  its  influence. 

As  examples  of  such  variations  iti  rainfall  there  may  be  mentioned 
the  EsopU3  and  CalskitI  watersheds  in  New  York.'  Their  areas  are 
nearly  the  same,  they  botJi  drain  into  the  Hudson  River  from  the  west, 
and  their  centers  arc  not  more  than  t$  miles  apart,  yet  the  rainfall  ott 
the  former  is  about  ;o  percent  greater  than  on  the  latter.  As  oneother 
example  there  may  be  mentioned  the  rainfall  at  "Number  4"  in 
northern  Xew  York  in  the  Western  Adirondacks  and  .\von  on  Ihc 
Geiiesscc  River  2^  miles  south  of  Lake  Ontario.  These  two  stations 
arc  but  145  miles  apiirt.  yet  the  average  yearly  rainfall  sit  the  former  is 
go.4inche»,  while  at  the  latter  it  is  only  37.0  inches.  In  dcterminine  the 
rainfall  at  any  point  or  for  any  given  area  all  avaiLihle  records  must 
be  examined  and  all  other  collateral  c\idence  carefully  analysed, 
particularly  in  eases  where  estimates  of  the  stream  flow  are  to  be  based 
on  estimates  of  the  rfunfall.  ■ 

Proh,  142      Consult  the  "  Instructions  for  Voluntary  Observers,"  pub? 
lished  by  ilie  I'liited  Slati*  Weailier  Bun-au.  and  describe  a  method  uf 
•Iclcrniininii  the  nmount  of  raiiif.-ill  ci>ittninc<l  in  a  pvim  depth  of  >now[alL 
In  makiiiK  reports  how  much    rainfall  on  the  average  is  10  be  taken 
rcprcMnliiiK  a  xnowfall  of  ti  inches? 


I 
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Art.  143.    EvAPORAXtoN 

After  rain  has  fallen  evaporation  from  both  land  and  water 
surfaces  at  once  begins  and  continues  until  all  of  the  rainfall  has 
passed  off  into  the  atmosphere,  where  it  is  condensed  into  clouds 
and  again  (alLs  af.  rain,  thu!^  completing  the  cycle.  Like  rainfall 
the  evaponition  is  to  be  measured  in  inches  of  depth.  Various 
experiments  on  the  evaporation  from  water  surfaces  have  been 
made,  and  a  number  of  the  results  wluch  have  been  derived  are 
shown  in  Tabic  143a. 


Table  143<i.     Monthly  and  Yearly  Ev-ypoRATioN  raoM 
Water  Surfaces 


£^"Aporn[ioR  in  Inches 
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Evaporation  from  land  surfaces  is  dependent  on  the  character 
of  the  soil,  on  the  extent  and  character  of  the  forestation  and  cul- 
tivation, and  in  a  considerable  measure  on  the  general  steepness 
of  the  surface,  for  on  this  is  dependent  the  time  in  which  evapora- 
tion can  act.    In  a  steep  country  the  rainfall  rapidly  runs  into 

•  Trana»ction»,  .\mMiaiB  Society  o(  Civil  Enxtncers,  ral.  15. 

t  Anniutl  Reports,  Rorhcilcr,  N.Y.,  Bonn)  of  Waier  Coniinissionera. 

t  Hydfokvy.  Bmnlttiorr,  London.  1861. 

1  PtDtctdingi.  tntlilulion  Cb-il  Engineers,  vol.  4s. 

^  EnginccririK  Ncu-s,  June  16,  igto. 
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thcstreams,  while ina  flat  country  it  passes  off  m»G  slowly, 
the  amuuut  of  the  evjiporation  is  thus  increased. 

Experiments  on  the  e%-aporation  from  earth,  from  sliort 
grass  and  long  grass  surfaces  have  been  made,  and  some  results 
are  shown  in  Table  1436. 

Table  1436.     Monthly  and  Yearly  Ev.wORATtON  ntoic  Land 

Surfaces 
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The  evaporation  from  any  particular  watershed  is  dependent 
on  ihe  tempeialure,  the  humidity,  tlie  aittludc.  the  area  of  the  ■ 
watershed,  and  the  area  of  the  water  surface  on  it.     'ITie  c%-ap-B 
oration  is  dependent  also  on  the  wind  velocity^  the  inclination 
or  slope  of  the  watershed,  its  geological  character,  its  forest  cover, 
and  its  stale  as  regards  cultivated  areas.    The  total  amount  of 
evaporation  is  also  dependent  on  the  rainfall,  and  varies  with  itj 
The  dislribulion  of  the  rainf.ill  ihroughout  ihe  year  greatly  in-1 
fluences  the  evaporation;  a  heavy  winter  and  a  light  summer' 
rainfall  will  together  show  a  small  annual  evaporation. 

•  Hyiirology,  BtardmorF.  London. 

t  FinninK.  Twilise  on  Walct  Su|^Iy  RngitiMring,  Mew  York,  1878. 

J  Proceeding*  Inslilution  CU'll  Bnipni-cn,  vol   loj. 
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In  the  Atlnntic  States  it  may  be  said  thai  the  annual  evapora- 
tion from  land  ?^u^fac^.•s  is  about  45  ]  ercent  and  that  from  water 
surfaces  about  60  percent  of  the  amiu;i]  rainfall,  so  that  about 
one-half  of  the  rainfall  reaches  the  streams  and  may  be  utilized. 
In  the  arid  regions  west  of  the  Rorky  Mountains  the  percentages 
of  evaporation  arc  much  higher,  as  indicati-d  in  Table  143a. 

Many  attempts  to  deduce  a  formula  which  will  take  account  of 
the  various  factors  wli-ch  influwicc  e\-a|)orul.'on  ha\'e  been  made  but 
without  definite  success.  The  ]>roblem  is  a  very  complicated  one. 
Vermeule  has  deduced  the  formula 

E=iis.s+Q.i6R){o.QST-i.4S) 

where  R  is  the  annual  rainfall  and  £  the  annual  evaporation  in  inches, 
and  T  is  the  mean  annual  temperature  in  l-'ahrenhcit  degrees.*  If 
T  =  49''.6,  this  becomes  R  =  15.5-1-0,16  R,  which  i.'s  a  mean  value  for 
New  Jersey  and  neighboring  states :  if  7"  be  47°,  the  evaporation  is  10 
percent  less,  and  If  T  he  $3",  it  is  10  percent  more,  than  ihi.'i  mean. 
The  evaporation  in  different  months  varies  greatly,  the  mean  monthly 
temperature  heinn  the  controlling  factor.  The  following  are  average 
values  given  by  Vermeule  for  the  vicinity  of  New  Jereey,  where  the 
mean  annual  temperature  h  4()'"\& ;  r  representing  mean  monthly  rain- 
fall and  e  mean  monthly  evaporations  in  inches : 

Jan.,  e  =  a.aj  +  a  lor  July, 

Feb..  e  =  0.50+  o,  lor  Aug., 

March,  es=o.48  +  o.  lor  Sept., 

April,  e  =  0.S7  +  o.ior  Oct., 

May,  f  =  i.87-|-oi3or  Nov., 

'         June.  e  =  3.$:>-\-o,7y  Dec, 


«  =  .^.oo-Ho.3or 
f  =  2.(ii-\-o.iy 
e=  i.6j  +  o.acr 
«  =  o.S8-l-o.iar 
■«  =  0,66  +  0,  lor 
e  =  0.43  -f  o.  lor 


T(»  obtain  the  monthly  evaporations  for  places  of  mean  annual  tem- 
perature T,  the  values  found  for  c  are  to  be  multiplied  by  o-OS?'— 
1.48.  Thus,  if  there  be  8  inches  of  rain  in  July,  (^  =  5-4°  inches,  and 
if  the  mean  annual  lemjteralure  be  56°,  this  h  to  be  increased  by  ,^1 
percent.  Vcrmeulc's  formulas  for  evajjoration  were  deduced  from 
a  consideration  of  the  relation  between  the  rainfall  and  the  observed 
flows  of  a  number  of  streams  in  the  New  England  and  Middle  States. 
They  take  account  of  the  effect  of  unequal  distribution  of  ihe  rainfall 


•  D.  S.  G^agirjt]  Survey  o(  New  Jersey  (Trenton,  1894),  vol.  3,  p.  76. 
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throughout  the  year  and  give  results  which  agree  well  with  actwl 
gaging^  if  care  be  taken  to  determine  a  proper  factor  for  each  watti- 
sh«l  to  which  thc>-  are  apjilied.* 

Like  rainfall  the  evaporation  varies  gitatly,  even  in  rcgkms  not 
widely  seiMrated.  In  Art.  H2  the  difference  in  the  rainfall  oo  the 
Esopus  and  Schoharie  watersheds  in  New  York  Stale  was  refcircd  Vx 
The  e\-a|Nirali(in  on  the  Ewopus  will  probably  average  about  ij  iadits 
per  >Yar.  while  on  the  Catskill  it  is  not  far  from  19  inches,  a  diflcr- 
ence  of  over  10  percent  in  a  diitancc  of  less  than  jo  miles. 

Kx|>criments  on  cva|>oration  are  of  inturrst  and  value,  trat  the  best 
iesutt»  as  to  its  a'nount  arc  determined  by  taking  the  difference  bctotta 
Ihc  amount  of  the  rainfall  and  the  results  of  mcxsured  stream  floai 
In  this  manner  all  of  the  factors  are  taken  account  of  and  the  most 
nauralc  results  obtained.  Exi>erimcni*  made  by  collecting  the  rain- 
fall in  pUK  and  measuring  the  depth  of  water  from  time  to  time  are  ml 
highly  ivIiaMe.  ^nce  the  siu  of  the  pan  influences  tiMr  results.  It 
hft<i  l>een  shown  by  the  I'.  S.  Uqwrtment  of  Agriculture  that  ihe  eva\> 
otatJon  from  a  pan  >  feet  in  diameter  is  about  75  percent,  that  from 
a  pan  4  feet  tn  diameter  is  about  50  [lercent,  an<)  that  from  a  pan  6 
(wt  in  diameter  u  about  y>  percent  greater  than  the  evaporation 
tnxn  a  large  pond  or  lakc.t 

Prulk  143.  TV  rainfall  on  a  watershed  of  850  squtirc  miles  is  44^ 
inrhrt.  .Wuming  a  se«soaal  distribution  ai  at  New  York  (Table  141) 
vunipute  the  e^'apontioa  by  Venneulc's  formula. 


I 
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Art.  144.    Orouxd  Water  a.nd  Rcxoyr 

When  thr  ground  is  fruzen  and  the  predpjtation  does  not 
(tcv'umulate  in  the  form  of  ire  and  snow,  the  ninoS  from  a  watcr- 
ihixl  is  cUtscly  equal  to  the  rainfall  minus  the  evaporation.  If 
thiw  inches  of  r^tin  falls  per  month  and  one-third  of  this  e\'a|>oratGS, 
the  tMw^ff  viitt  hz  nearly  3  cubic  feet  per  second  for  each  square 
■Bik-  v<i  the  irateisbed.  The  discharge  due  to  a  heavy  rainfall 
OCvurT\it){  in  a  short  period  or  to  the  m<-liing  of  snow  may  be 
IwvDty  oc  thirty  times  as  great.  A  rainfall  of  10  inches  occurring 
in  i*o  d*\-*.  if  thret-fourths  of  it  is  delivered  at  once  to  the 
ttKttBX&.  wilt  gi\-c  a  flood  discharge  of  about  100  cuImc  feet  per 

*  MuMUy  WcMhtr  Renew,  Uwdk.  1907. 

t  AaMtiEU  avfl  E^iMccn'  Packet  Book,  19U,  p.  1186. 


■ 

^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^h    ' 

H 

^^H 

■        i^^H 

■ 

Orouml  Water  tad  Runoff.     Art.  144               373 

second  per  square  mile  of  vatcnOied  area.    It  is  not  usually 
necessary  to  considt-r  ihi-sc  flowtl  discharges  in  csUmatcs  for  water 
supply  and  water  power,  except  in  order  to  lake  precautions 
against  the  damage  they  may  cause. 

In  Table  144a  arc  shown  some  obser\-etl  flood  flows  of  %'arious 
Bnall  and  large  streams  in  the  United  States. 

Table  li4a.    Oiiskkvhd  Maxiuuu  Flood  Flows*            ^^H 

Stmmiuiil  Plus 

WMcnbH        Cubic  F«I  net 
Area                Srcnnd  per 
S<|ii>Rlbliln    '     ^lunMllc 

3-4 

S-o 

04 

3S-0 

77-S 

iiS.o 

»38.o 

3SO.O 

879 

150 
6500 

14  030 

J09 
141 

116 
lOS 
110 

IS* 

59 

140 

54 
19 

1 

I 

1    1 
1 

1 

L 

Data  such  as  those  in  Table  144(j  arc  of  use  in  proportioning 
overflows  and  waste-weirs  for  reservoirs  and  in  lixing  on  the  Icngtii 
af  overfall  dams  in  rivers.     Numerous  formulas  have  been  pro- 
Kiscd,  but  data  sudi  as  actual  observations  are  to  be  preferretl 
n  making  designs  of  this  character.     In  each  particular  case  al 
ivailablc  information  must  be  considered,  including  the  traditions 
IS  to  the  post  highest  water,  and  then  after  mnk;ing  due  allowance 
or  all  of  the  conditions  which   influence  the  rapidity  of  runofl 
rom  the  watershed,  a  libend  factor  of  safely  must  be  applied. 

RtinofT  may  be  defined  as  the  difference  between  the  rainfall 
ind  the  evaporation  if  in  the  latter  be  included  all  of  the  water 
vhich  fails  to  reach  the  streams.     The  runoff  of  a  stream  can 

*  T»ken  Ur^tly  from  Amcrioui  Civil  EnginMra'  Puckcl  Book.  New 
York,  1911. 
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be  (Ictcninined  by  measuring  the  flow  over  a  weir  (Chap.  6)  of 
by  daily  gage  lieighl  readings  in  conneoliyii  with  a  disctiurge  cun-e 
which  has  been  determined  by  gagings  of  the  flow  at  variotu 
water  stages  (Art.  13!),  The  runoff  is  usually  expressed  as  a 
percentage  of  the  rainfall,  thus  if  F  be  the  rainfall,  E  the  evapora- 
tion, and  R  the  runoff,  all  in  inches,  then  R  =  F  —  E,  and  as  a. 
percentage  of  the  rainfall  the  runoff  is  ioo{F  —  E)/F. 

In  Table  144&  are  shown  some  oI)8erved  values  of  the  rainftl! 
and  runoff  on  a  number  of  streams  iq  the  United  Stales. 

T.VBLE  1446.     Observed  Rainfall  and  RoNorr* 


Sifcun  and  PUcv 

WaWnhn! 

Square 

Mlla 

ll4iDl:ill  in 

Bunoa 

F*rr<rfk[ 
al  BklnUII 

(TubkFiM 
pnSqun 

Connectk'ut,  Hvirotil,  Conn.   .    .    . 
Crmon,  OM  Croton  Dam,  N.V.     .     . 
Upper  Hiid&un.  Mrchaninvilk,  N.V. 

rutoiTiiic.  Pulnt  (if  Kocke,  Md. .    .    . 

Savannah.  Aujsuata,  G» 

t'p|)er  Mississippi,  Pokr^ma  Falls 

lO  1J4-0 

3S8-0 
4S0O.O 

IS** 
9  650,9 
T*M* 

45-77 

4».S8 
39-7t> 
47.98 
a6.86 

4541 

48.6 

S6.S 
S<x8 
S9» 
49.1 
i8.6 

48.9 
a.4 

I.SI 

Ml 
t» 
t,«J 

o.j6 

The  gagings  which  have  been  made  and  are  being  continued 
by  the  U.  S.  Geological  Survey  on  many  streams  all  over  this 
country  furnish  a  va.st  fund  of  information  concerning  tlie  run- 
off of  streams.  The  results  of  these  gagings  are  published  in  ihc 
various  Water  Supply  and  Irrigation  Papers  of  the  Sur\-ey,  and 
are  to  be  consulted  wherever  i]uestions  invoh-iug  the  runoff  «' 
Streams  arc  being  considered. 

During  the  spring  the  ground  is  filled  with  water  which  is 
slowly  flowing  toward  the  streams,  and  this  ground  water  is  the 
main  source  of  the  runoff  from  a  watershed  during  the  ilrj' 
months.  The  velocity  of  flow  of  this  ground  water  varies  directly 
as  the  slope  of  its  surface,  for  this  velocity  is  so  slow  that  no  losses 

•  From  Anicrie«n  Civil  Engiiiecre'  Pockcl  Book,  New  York,  tQii. 
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occur  in  impact  (Art.  90).  When  the  slope  of  the  surface  of  the 
ground  water  becomes  zero,  the  streams  arc  drj-  if  there  be  no 
rainfall.  Tlie  discharge  of  a  stream  in  a  dry  season  hence  depends 
upon  the  depth  and  slope  of  the  ground  water,  and  this  in  turn 
depends  upon  the  previous  rainfall,  the  topography  of  the  country, 
an<l  the  character  of  the  soil. 

While  data  regarding  rainfall  and  evaporation  will  furnish 
valuable  information  regarding  the  mean  annual  flow  of  a  stream, 
they  will  usually  fail  to  indicate  the  mean  discharge  during  differ- 
ent months.  For  this  purpose  the  study  of  di.schargc  curves 
and  gage  heights  (Art.  134)  is  important,  and  if  there  be  none 
for  the  stream  in  h»nd,  it  will  be  neees-sary  to  make  a  fewgag'ngs 
at  different  stages  of  water  and  to  coUtcl  information  regarding 
the  lowest  stages  that  have  been  observed  in  dry  years. 

In  irrigation  work  quantities  of  water  are  often  estimated 
in  terms  of  a  convenient  unit  called  the  acrofoot,  which  is  the 
quantity  which  will  cover  one  acre  to  a  depth  of  one  foot,  namely, 
43  560  cubic  feet.  'ITie  discharge  of  a  stream  h  often  stated  in 
acre-feet  per  day.  One  acre-foot  per  day  is  0.5042  cubic  feet  per 
second,  or  one  cubic  foot  per  second  is  1.983  acre-feet  per  day. 
One  acre-f(Xit  of  water  is  325851  U.  S.  gallons,  and  1000  000 
gallons  b  3.0689  acre-feet.  One  inch  of  rainfall  per  month  is, 
very  closely,  0.9  cubic  feet  per  second  per  square  mile. 

In  irrigation  estimates  the  "duty"  of  water  is  to  be  regarded. 
This  b  defined  as  the  number  of  acres  that  can  be  irrigated  by  a 
supply  of  one  cubitf  foot  per  second,  and  it  usually  ranges  from 
60  to  100  acres.  An  inverse  measure  of  duty  is  the  number  of 
vertical  inches  of  water  requii'ed  to  irrigate  any  area,  this  usually 
ranging  from  18  lo  ?4  inches  per  j-ear.  The  acre-foot  is  also  fre- 
<iucntly  used  in  statements  of  duty  of  water.  The  methods  of 
measuring  the  water  by  orifices  and  modules  in  terms  of  the 
miner's  inch  unit  have  been  explained  in  .^rt.  55. 

The  hydraulics  of  irrigation  engineering  differs  in  no  respect  from 
thai  of  water  supply  ami  wiiter  power.  Water  is  collected  in  rcscr\-oir9 
or  obtiuncd  by  daniniing  a  river,  and  it  is  led  by  a  main  canal  to  the 
vca  to  be  irrigated,  and  there  it  is  distributed  through  smaller  Uteral 
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caoab  to  the  &clds..  The  smaller  the  canal  or  ditch,  the  steeper  be- 
comes it«  slope,  and  in  the  final  api>licatioD  to  the  crops  the  flow  in 
the  furrows  is  oftco  normal  to  the  contours  o(  the  surface.  In  a  river 
system  the  brooks  feed  the  creeks,  aiiil  Ihe  creeks  feed  the  river,  the 
flow  being  from  the  smaller  to  the  larger ;  in  an  artificial  irrif^tioa 
system,  however,  the  flow  is  from  the  larger  to  the  smaller  channel. 

Seepage  into  the  earth  from  an  irrigation  canal  constantly  goa 
on,  unless  its  bed  be  puddled  with  day  or  lined  with  concrete,  and 
this  Uxs  of  water  is  often  NTr}'  heav)'.  For  new  canals  it  is  often  a 
hif;h  as  50  percent  of  the  water,  but  for  old  canals  it  may  become 
lower  than  10  [Krcent.  In  making  estimates  for  an  irrigation  supply 
it  is  hence  necessary  to  take  into  account  this  seepage  loss,  and  also 
to  consider  tliat  due  to  evaporation.  • 

Prob.  144.  If  all  the  rainfall  that  docs  not  evaporate  flow*  into  ibe 
lUn-am,  finrl  the  runoH  in  cubic  (i-l-1  per  st-nMid  fcom  a  watershed  of  IJ15 
square  miles  during  a  month  when  the  rainfall  is  3.6  inches,  the  mean  annual 
temperature  being  46".$  Fahrenheit.    ALio  tor  the  lempefauirc  of  49°-5. 

AkT.  145.      ESTUtATES  FOR  WaTER   SUPPLY 

The  consumption  of  water  in  American  cities  Is,  on  the  average 
about  100  gallon-s  per  person  per  day,  the  large  cities  u.<ung  more 
and  the  small  ones  Ie.ss  than  this  amount.  The  daily  consump- 
tion in  July  and  .\ugusl  is  from  15  to  30  percent  greater  than  the 
mean,  owing  to  the  u»e  of  water  for  sprinkling,  while  during 
January  and  Fcbruar)'  it  is  also  greater  than  the  mean  in  the 
colder  localities,  owing  to  the  large  amount  that  is  allowed  to  rim  to 
waste  in  bouses  in  order  to  prevent  the  frccziitg  of  the  pipes.  Oa 
Mondays,  in  &mali  towns  when  every  household  is  at  work  on 
the  weekly  washing,  the  consumption  may  be  put  at  50  percent 
higher  than  the  mean  for  the  week.  Accordingly  if  the  yearly 
mean  be  100  gallons  per  person  per  day,  the  Monday  consump- 
tion during  very  hot  or  verj'  cold  weather  may  be  as  high  as  150 
gallons  per  person  per  day.  When  a  large  fire  occurs,  the  hourly 
consumption  for  this  purpose  alone  in  a  fire  district  of  10  000 
people  may  be  at  the  rate  of  1 75  gallons  per  iwrson  per  day.  In 
general  the  maximum  available  hourly  supply  should  be  from 
three  to  four  times  as  great  as  the  mean  daily  consumption. 


E8timiit«s  for  Water  Supply.     Art.  145 


377 


When  water  is  lo  be  pumped  from  a  river  directly  into  the 
pipes,  without  tank  or  reservoir  storage,  the  capacity  of  the  pumps 
should  be  such  that  tluring  the  occurrence  of  hres  at  least  three 
times  the  mean  daily  consumption  may  he  furnished.  When 
a  pump  delivers  vruler  to  a  distributing  reservoir,  its  capacity 
need  not  be  so  high  as  in  Ihc  case  of  direct  pumping,  for  the  reser- 
voir storatje  can  be  drawn  upon  in  case  of  fire.  lATien  the  reser- 
voir is  large,  the  pump  capacity  need  be  only  suflicient  to  lift  the 
annual  cunsumptiun  during  the  time  wht;n  it  is  in  o[)eration.  The 
subject  of  pumping  is  an  extensive  one,  but  it  will  be  briefly 
treated  from  a  hydraulic  standpoint  in  Arts.  192-201. 

Gravity  supplies,  are  those  obtained  by  impounding  the  runoff 
of  a  watershed  at  an  elevation  suthcicntly  high  so  that  the  water 
will  flow  without  pumping  to  the  places  where  it  is  to  be  consumed. 
Pumped  supplies  are  obtained  either  from  a  stream  which  lies  too 
low  to  furnish  the  water  by  graWty  or  from  the  ground  from 
water-bearing  strata  which  may  be  termed  natural  underground 
reservoirs.  Such  areas  in  a  sandy  country  may  yield  as  high  as 
I  ooo  ooo  gallons  per  da)'  per  square  mile.  The  borough  of 
Brooklyn  of  the  City  of  New  York  obtains  its  water  from  the 
sands  of  Long  Liland.  and  a  good  example  of  the  methods  to  be 
followed  in  estimating  on  such  a  supply  is  to  be  found  in  a 
report  by  Burr,  Hering,  and  Freeman.* 

In  estimating  on  the  safe  yield  of  a  surface  watershed  a  study 
of  the  existing  rainfall  and  stream  flow  data  should  be  made. 
In  the  absence  of  the  latter,  estimates  of  the  flow  may  be  made 
by  considering  the  rainfall  records  an<l  computing  the  evapora- 
tion after  allowing  for  ail  of  the  causes  by  which  it  is  influenced. 
lo  some  cases  it  will  be  found  that  even  few  rainfall  data  are 
available,  and  it  then  becomes  necessary  to  consider  the  records 
at  the  nearest  points  where  such  observations  have  been  made, 
and  deduce  values  for  the  rainfall  in  the  locality  being  considered.! 
In  making  estimates  of  this  character  all  c\-idence  should  be 
carefully  considered  in  order  to  avoid  errors. 


*  Report  nn  Additional  Water  Supply,  New  Vork,  t^oj. 
t  Monthly  Weather  Review,  March,  1907. 
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When  gagings  uf  the  stream  being  studied  arc  available,* 
the  problem  is  a  simpler  one,  but  the  pcrioti  during  which  ihe, 
gagings  were  taken  must  be  examined  with  reference  to  its  re- 
lation with  the  rainfall  cycle  (Art,  142).  The  results  shown  by 
such  a  series  of  gagings  during  a  period  of  high  rainfall  would 
differ  materially  from  those  during  a  low  cycle.  ThLs  considers* 
tiun  is  of  particular  importance  when  determining  on  the  storage 
required  for  a  water  supply  or  for  a  power  plant  on  a  stream  of 
moderate  size,  while  on  larger  streams  the  controlling  factor  is 
often  simply  the  quantity  and  duration  of  the  minimum  flow. 
This  minimum  is  generally  less  dependent  on  the  rainfiUl  cycl 
than  is  the  total  yearly  yield  of  the  str«am. 

Having  determined  on  the  quantity  of  water  to  be  supplied 
and  on  the  flow  for  a  series  of   years  of  the  stream  from  whicli 
the  water  is  to  be  obtained,  it  becomes  necessary  to  Gx  on  the 
volume  of  storage  which  will  be  necessary  to  tide  over  the  driest 
period  which  is  likely  to  occur.     For  this  purpose  the  method  pro- 
posed by  Kippl  t  is  a  conv-enicnt  one.     It  consists  essentially  in 
determining  the  net  available  stream  flow  for  each  month,  after 
making  allowances  for  cvajioration  from  the  reservoir  surfaces 
which  will  result  from  the  new  construction  and  for  all  other 
possible  losses.    The  total  flow  for  each  month  is  then  added  lo 
the  total  of  the  months  preceding  and  since  the  beginning  of  the 
period  being  studied.     The  total  flow  from  the  bcfiinning  of  the 
period  to  the  end  of  each  month  b  thits  determined  and  may  be 
plotted  as  in  Fig.  H5a.     The  inclination  of  the  curve  AM  jaamg 
the  points  so  plotted  thus  represents  the  rate  of  net  available 
stream  flow,  and  may  on  occasion  have  a  ncgati\'c  value  as  at 
El,  when  the  evaporation,  leakage,  and  other  losses  arc  larger 
than  the  quantity  of  water  available  in  the  stream. 

The  amount  of  water  to  he  used  is  now  plotted  as  the  line  AB, 
it  being  assumed  that  the  use  is  at  a  practically  constant  ralf- 
Wherever  the  inclination  of  the  curve  is  greater  tlian  that  of  Ox 
hneAB,  the  net  stream  flow  b  greater  than  the  draft,  and  whcievti 

■  Tr«n«actiorn  Antcricxn  Socici)'  Civil  Kiigiiincre,  vol.  59, 
t  Ptocecdios^  Xiutilution  Civil  Enginvcn,  vol.  ;i. 
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of  the  diaBrain.  indicate  the  amount  of  walcr  which  would  have 
been  necessary  to  maintain  the  uniform  rate  of  draft  as  indicated 
by  the  lin«  AB.    Similarly  if  .-i  D  were  the  uniform  rate  of  draft, 
the  maximum  ordinate  J.'\  between  F,0.  drawn  parallel  to  A  D, 
and  ihc  curve  would  represent  llie  storage  volume  necessary  to 
mainL-iin  the  draft  AD  from  A   to  G.     The  maximum  uniform 
rate  of  draft  which  could  be  obtained  from  A  io  G  would  be 
represented  by  the  inclination  of  the  line  AG,  but  this  rate,  as  also 
AB  and  /t/?,  could  not  be  constantly  maintained  unless  the  neces- 
sary storage  was  aviiiUiblc  at  the  beginning  of  the  period  at  A . 
Xn  case  the  tangent  to  any  summit  of  the  curve  and  parallel  to 
the  assumed  rate  of  draft  should  fail  to  intersect  tiie  curve,  it 
vroutd  be  indicated  that  the  draft  was  in  excess  of  the  total  yield 
for  the  period  imder  consideration. 

Another  graphical  method  is  to  plot  the  summation  of  the  monthly 

«iiiTerenCL-t  Iwlween  (hr  net  stream  (low  iirid  the  .Lviumeii  uniform  draft. 

In  Fig.  1456  ii  the  reservoir  be  assumed  to  be  full  at  the  bcginnin)( 

of  the  per;o,1,  then  for  the  next  three  niontha  the  stream  flow  exceeds 

the  draft  and  an  overflow  occurs  as  indicated  abo\'c  the  zero  Unc. 
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Above  this  tine  the  actual  amount  oC  overflow  in  each  mcntl  b 
plotted.  At  thi:  end  of  ihv  three  niunlhs  the  draft  bcfpns  to  aanl 
the  net  stream  flow  and  the  reservoir  level  falls,  as  indicated  bj-tie 
continuous  line.     By  the  caulypart  of  theycur  1S91  the  reser\'iiii  bu 


agicain  6Iled.  The  process  is  thus  continued,  and  it  is  found  thai  to 
tide  over  the  period  1890  to  1894,  if  the  reservoir  be  full  at  the  be- 
{^inning,  a  storage  capacity  of  j  billions  of  gallons  is  required. 

The  necessary  volume  of  storage  having  thus  been  determined, 
it  is  uituat  in  proportioning  the  rcser\-oir  to  make  an  allowance  to  cover 
the  uncertainties  in  the  data  as  well  as  to  provide  a  factor  of  safety 
against  the  oicurrence  of  drier  years  than  those  covered  by  tb« 
records.  Such  an  allowance  may  range  from  10  to  50  percent  of 
the  storage  as  determined  by  ihe  methods  of  Figs.  H5a  and  145*. 

The  fjuanlity  of  storage  necessary  is  dependent  on  the  proposed 
mle  of  draft,  but  in  general  it  may  be  said  in  tlie  northeastern  part  of 
the  United  States,  on  ramfalls  of  from  38  to  50  inches,  that  a  storagt 
capacity  of  250000000  gallons  per  square  mile  of  watersheil  will  per- 
mit of  a  safe  uniform  draft  of  from  600  000  to  900  000  gallons  per  square 
mile  per  day,  the  smaller  figure  being  applicable  to  flat  watersheds  gj 
low  rainfall  and  the  larger  to  those  which  are  steep  in  «lo]>c  and  hixt 
higher  rainfall. 

After  the  height  of  the  water  Ie\'cl  in  the  reservoir  has  been  find, 
the  dimensions  of  its  waste  weir  or  spillway  are  to  be  dclernuncd.  Thi^ 
is  a  most  imi>urti^t  problem,  for  on  its  proper  solution  depends  the 
safety  and  security  o[  thcdumsand  structures  whichform  the  reserviui.  I 
Thespi]lwa}''musl  beof  sufficient  size  to  safelj'discbarge  the  largest  flood) 
which  will  come  down  the  vallej-.     Numerous  formulas  for  maximum  ] 
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flood  discharge  have  been  derived,  but  in  gi-ncral  they  give  results 
which  art;  too  small  and  which  represent  average  flood  conditions  more 
nearly  than  the  maximum  which  the  spillway  must  cany.  Records  of 
the  actual  greatest  floods  should  be  procured  when  possible,*  and 
higher  records  of  discbarge  ihan  those  hithtrlo  observed  arc  liable  to 
occur.  The  historj-  of  the  disastrous  floods  of  lyij  in  Ohio  and 
Indiana  is  still  fresh  in  the  memory.  Generalities  and  lack  of  thorough 
investigation  merely  lead  to  failure  when  the  day  of  the  real  test  arrives. 

Prob.  145.     How  many  cubic  feet  per  seconil  per  square  mile  are  equiv- 
nlnit  to  a  rainfall  of  one  inch  per  montli } 


Art.  H6.    Espimates  for  Water  Powtr 

The  methods  of  estimating  the  water  power  thai  can  be 
derived  by  damming  a  stream  arc  to  some  extent  similar  to  those 
for  water  supply.  In  the  absence  of  gagings  the  records  of  rain- 
fall and  evaporation  are  to  be  collected  and  discussed,  but  a  few 
gagings  will  probably  give  more  definite  information  if  records  of 
water  stages  during  several  years  can  be  had.  A  method  of  dc- 
tennining  the  advisable  extent  of  a  water  power  development 
when  records  of  stream  flow  arc  available  has  been  developed 
by  Herschel-t 

In  nearly  every  situation  the  stream  flow  in  connection  with 
the  storage  which  can  be  obtained  at  a  reasonable  expense  is 
not  suHtcient  to  continuously  generate  the  power  which  is  re- 
quired. In  such  cases  it  is  necessary  to  supplement  the  water 
power  with  an  aiwiliary  steam  plant  located  at  some  point  within 
the  territory  to  be  served  where  fuel  can  be  obtained  most 
economically.  In  order  to  determine  on  the  capacity  of  such  an 
auxiliar)-  plant  the  general  method  shown  in  Fig.  14.5a  may  be 
used.  With  the  known  volume  of  available  storage  and  net 
flow  of  the  stream  the  maximum  uniform  rate  of  draft  can  be 
determined.  The  capacity  of  the  auxiliary  steam  plant  may 
then  be  considered  as  the  difference  between  the  power  capacity 
requited  and  that  furnished  by  the  minimum  (low  of  the  stream ; 
while  the  advisable  extent  of  the  water  power  development  will 
depend  upon  considerations  of  the  river  disdiarge,  the  cost  of 

*  j\mwir»n  CUil  KnKinrcrt  Poilti-t  Bo  ik.  Second  Edition,  m>-  Q04-go6, 
t  TnuudLtions  AmtTuati  Socirly  u[  Civil  Kngbrtn,  tgo?,  vol.  sS,  p.  t^ 
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the  dc\'ciopmcnt,  aiwi  the  cost  of  installation  and  operation  ot 
the  auxiliary  sleain  plant.  No  definite  rules  are  lo  be  laid 
down  in  this  reKard.  as  the  exact  proiwrlion  to  be  finally  dccidnl 
upon  depends  on  many  factors  which  vary  in  every  locality. 

The  power  needed  to  be  generated  by  a  plant  varies  from 
hour  to  hour.  The  greatest  demand  is  called  the  "iwak."  A 
Iieak  load  is  one  of  very  short  duration  and  can  be  met  by 
installing  an  excess  of  turbine  and  generator  capacity  and  br 
providing  storage  in  a  pond  of  adequate  size.  It  is  probabk, 
however,  that  in  many  cases  the  auxiliary  heat  engines  alrca<Jf 
installed  to  meet  low  water  conditions  will  more  cconomicall; 
supply  the  power  for  the  peak  bads  than  would  the  necessary 
excess  turbine,  generator,  power  house  and  storage  capacity. 

At  times  uf  high  water  the  head  on  the  whct'ls  is  often  re- 
duced, due  to  the  change  in  slope  of  the  river,  and  the  nornul 
output  of  the  plant  is  thus  diminished.  The  "  fall  tncrcaser" 
(Art.  ISl)  will  operate  to  increase  tlie  available  head,  or  where 
this  is  not  provideii  the  auxiliary  steam  plant  must  be  called  on 
to  .lupply  the  deficiency. 

Let  W  be  the  weight  of  water  delivered  pc^  second  to  a  hy- 
draulic motor,  and  h  be  Its  effective  head  as  it  enters  the  motor, 
A  being  due  either  to  pressure  (Art.  11),  or  to  velocity  (Art.  22}, 
or  to  pressure  and  velocity  combined  (Art.  34).  The  theoretic 
energy  per  second  of  thi.s  water  is 

K=Wh  (I46j, 

and  if  W  be  in  pounds  and  h  in  feet,  the  theoretic  horse-power  d 
the  water  as  it  enters  the  motor  is 

and  this  is  the  power  that  can  be  developed  by  a  motor  of  efii- 
dency  unity.  The  work  k  delivered  by  the  motor  b,  however, 
aiwaj-s  less  than  /C,  owing  to  losses  in  impact  and  friction,  and  the 
horse-power  hp  of  the  motor  is  less  than  HP.  The  cfBdewj 
of  the  motor  is 

e~k/K-=k/Wh    or    e  =  hp/ap 
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and  the  value  of  Uiis  for  turbine  wheels  is  usually  about  0.80; 
that  ift,  the  wheel  transforms  into  useful  work  about  80  percent 
of  the  energy  of  the  water  that  enters  it. 

In  desiRnins  a  water-power  plant  it  should  be  the  aim  to  ar- 
range the  forcbaj'S  and  penstocks  which  lead  the  water  to  the 
wheel  so  that  the  losses  in  ihese  approaches  may  be  as  small  as 
possible.  The  entrance  from  the  head  race  into  the  forebay, 
from  the  forebay  into  the  penstock,  and  from  the  penstodt  to  the 
motor  should  be  smooth  and  well  roun<lcd ;  sudden  changes  in 
cross-section  should  be  avoided,  and  all  velocities  should  he  low 
except  that  at  the  motor.  If  these  precautions  be  carefully  ob- 
8er\'ed,  the  I0&*  of  head  outside  of  the  motor  can  be  made  very 
small.  Let  //  be  the  total  head  from  the  water  level  in  the  head 
race  to  that  in  the  tail  race  below  the  motor.  The  total  available 
energy  per  second  is  Wfl.  and  it  should  be  the  aim  of  the  designer 
lo  render  the  losses  of  head  in  the  approaches  as  small  as  possible 
so  that  the  effective  head  h  may  be  as  nearly  equal  to  //  as  pos- 
sible. Neglect  of  these  precautions  may  render  the  cfiective 
power  less  than  that  estimated. 

The  efficiency  ci  of  the  approaches  is  the  raU'o  of  the  energy 
A'  of  the  water  as  it  enters  the  wheel  to  the  maximum  available 
energy  WH,  or  ej  =  K/WU.  The  elhciency  e  of  the  entire  plant, 
con.<usting  of  both  approaches  and  wheel,  is  the  ratio  of  the  work  k 
delivered  by  the  wheel  to  the  energy  WH,  or 

or,  the  final  efficiency  is  the  product  of  the  separate  efficiencies. 
If  the  efficiency  of  the  wheel  bs  0.75  and  that  of  the  approaches 
0.96,  the  efficiency  of  the  plant  as  a.  whole  is  0.73.  or  only  72  per- 
cent of  the  theoretic  energy  is  utilized.  Usually  the  efficiency 
of  the  approaches  can  be  made  higher  than  96  percent. 

In  making  estimates  for  a  proposed  pkint.  the  effiHency  of 
turbine  wheels  may  Rencrally  be  taken  at  80  percent ;  the  effec- 
tive work  is  then  o.SoH'A,  and  accordingly  if  the  wheels  are 
required  lo  deliver  the  work  k  per  second,  the  approaches  are  to 
:  so  arranged  that  Wh  shall  not  be  less  than  1.25^^.     Especially 
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when  the  water  suf^ly  b  limited  it  is  importaot  (o  make 
efficiencies  as  high  as  possible. 

Pn^.  146.  A  stream  ddiven  joo  rabic  feel  ol  waler  per  xcoad  ID  >' 
canal  which  tcnniutes  in  a  forcbay  where  ihr  water  level  is  S.i  fe«t  above 
the  toil  race.  The  wboeb  deliver  as  borw-puwer  and  their  efficiency  it 
known  to  be  75  percent.  Hgw  much  power  b  loci  to  the  forrtwy  and  peo- 
Atock? 


Abt.  147.    Watbb  deuvered  to  a  Motok 

To  determine  the  efficiency  of  a  hydraulic  motor  by  formula 
(146)i  the  effective  work  i  is  to  be  mea.<iurcd  by  the  methods  d 
Art.  149.  and  the  head  A  to  be  ascertained  by  Art.  I4S.  In  order 
to  find  the  weight  W  that  passes  through  the  wheel  in  one  secoDd, 
there  must  be  known  the  discharge  per  second  q  and  the  wcigbt 
w  of  a  cubic  unit  of  water ;  then 

Here  id  may  be  found  by  weighing  one  cubic  foot  of  the  water, 
or  when  the  water  contains  few  impurities  its  temperature  may 
be  noted  and  the  weight  be  taken  from  '["able  3.  In  approximate 
computations  ic  may  be  taken  at  62.5  pounds  per  cubic  foot  In 
precise  test.s  of  motors,  however,  its  actual  value  should  be  ascef- 
taiRcd  as  closely  as  possible. 

Tlie  measurement  of  the  flow  of  water  through  oriftces,  wars, 
tubes,  pipes,  and  channels  has  been  so  fully  discussed  in  tbc  pre- 
ceding chapters,  that  it  only  remain.^  here  to  mention  one  or  two 
simple  methods  applicable  to  small  quantities,  and  to  make  a 
few  remarks  regarding  the  subject  of  leakage.  In  any  particular 
case  that  method  of  determining  f  is  to  be  selected  which  will 
fumbh  the  required  degree  of  precision  with  the  least  expense. 

For  a  small  discharge  the  water  may  be  allowed  to  fall  into  1 
tank  of  known  capacity.  The  tank  should  be  of  uniform  horiiccl^ 
crois- section,  whose  area  can  be  accurately  determined,  and  tkn 
the  heights  atone  need  he  observed  in  order  to  find  the  \'oluiK- 
Thoe  in  precise  work  will  be  read  by  hook  gages,  aiid  in  cases  d 
less  accuracy  by  measurements  with  a  graduated  rod.  At  tlx 
beginning  of  the  experiment  a  sufficient  quantity  of  water  muu  br 
in  the  tank  so  that  a  reading  of  the  gage  can  be  Uken ;  the  watei 
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then  ullowvtl  to  flow  in,  the  time  bctw^n  tht'  beginning  and  md 
of  the  experiment  bcioR  determined  by  a  stop-watch,  duly  tested  and 
rated.  ThLs  time  muttt  not  he  short,  in  order  that  the  slight  errors 
in  reading  the  watch  may  not  affect  the  result.  The  gage  is  read 
at  the  close  of  the  test  after  the  surface  of  the  water  becomes  quiet, 
and  the  difTcrencc  of  the  gage  readings  gives  the  depth  which  has 
flowed  in  during  the  observed  time.  The  depth  multiplied  by  the  area 
of  the  crwts-iieci ion  of  the  tank  gives  the  volume,  unii  this  diviiled 
by  the  number  of  seconds  during  which  the  flow  has  occurred  fur- 
nishes the  discharge  per  second  g. 

U  the  discharge  be  very  small,  it  may  be  adxisable  to  weigh  the 
water  rather  ihan  to  mea.sure  the  depths  and  cross-sec  I  ions.  The  lota! 
weight  divided  by  the  time  of  flow  then  gives  directly  the  weight  H'. 
This  has  the  advantage  of  rcf|uiring  no  temperature  observation, 
and  is  probably  the  most  accurate  of  a)l  methods,  but  imfortunateiy 
it  is  not  possible  to  weigh  a  considerable  volume  of  water  except  at 
great  ex|»ense- 

When  water  is  furnished  to  a  motor  through  a  small  pipe,  a  com- 
mon water  meter  may  often  be  advantageously  used  to  determine 
the  discharge  (v\rt.  38).  No  water  meter,  however,  can  be  rcKarded 
as  accurate  until  it  has  Ijeen  tested  by  comparing  the  discharge  as  re- 
corded by  it  with  the  actual  discharge  as  determined  by  measurement 
or  weighing  in  a  lank.  Such  a  test  furnishes  the  constants  for  cor- 
recting  the  result  found  by  its  readings,  which  otherwise  is  liable 
to  be  s  or  lO  percent  in  error.  The  Venturi  meter  (Art.  38)  fur- 
nishes an  accurate  method  of  measuring  large  quantities. 

The  leakage  which  occurs  in  the  flume  or  penstock  before  the  water 
reaches  the  wheel  shoidd  not  be  included  in  the  value  of  W,  which  is 
used  in  computing  its  dficiency,  although  it  is  needed  in  order  to  &»• 
certain  the  eflidencyof  the  entire  plant.  The  manner  of  determining 
the  amount  of  leakage  will  vary  with  the  particular  circumstances  of 
the  case  in  hand.  If  it  be  small,  it  may  be  caught  in  pails  and  directly 
weighed.  U  large  in  quantity,  the  gates  which  admit  water  to  the 
wheel  may  be  doseil,  ;in<l  the  leakitge  being  then  led  into  the  tail  race, 
it  may  be  there  measured  by  a  wetr,  or  by  allowing  it  to  collect  in  r 
tank,  The  leakage  from  a  vertical  )>enstock  whose  cross-section  is 
known  msy  be  ascertained  by  filling  it  with  water,  the  wheel  being 
(till,  and  then  observing  the  fall  of  the  water  level  at  regular  intervals 
of  time.    In  designing  constructions  to  bring  water  to  a  motor,  it  is 
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beat,  of  course,  to  arrange  them  w  th^  all  leakage  will  l>e  avoided,  bw 
this  cannot  always  be  fully  atlained,  cxci'pt  at  great  cipcDse. 

The  most  common  method  of  nieasurinK  g  h  by  means  of  a  weir 
placed  in  the  tail  race  below  the  wheel.  This  has  the  tlisadvantagc 
that  it  sometimes  lessens  the  fall  which  would  be  other»TSc  avaibblc, 
and  thai  oflir'n  the  \eiocily  of  a()proach  is  high.  It  hits,  however,  the 
advantage  of  cheapness  in  construction  and  operation,  and  for  any 
considerable  <lischarge  agipears  to  be  almost  the  only  method  which  il 
both  economical  and  precise.  If  the  weir  is  placed  above  the  wheel, 
the  leakage  of  the  pcn.*tock  must  be  carefully  ascertained. 

Prob.  147.  A  weir  with  end  contractions  and  no  velocity  of  approach 
has  a  length  of  i  .33  feet,  and  the  deplh  on  llie  treat  i*  0.406  (eel.  The  »«me 
wnler  pnsses  through  a  smnii  turbine  under  the  effective  hcaid  10.49  '«'■ 
Compute  the  theoretic  Iiorsc- power. 


Art.  148.     Effective  Head  on  a  Motor 

The  total  available  head  11  between  the  siiHacc  of  the  water 
in  the  reservoir  or  head  race  and  that  in  the  lower  pool  or  tail 
race  is  determined  by  running  a  line  of  levels  from  one  to  the  other. 
Permanent  bench  marks  being  established,  gages  can  then  be 
set  in  the  head  and  tail  races  and  graduated  so  that  their  zero 
point.s  will  be  at  sotne  datum  below  the  tail-race  level.     During 
the  test  of  a  wheel  each  gage  is  read  by  an  observer  at  stated 
intervals,  and  the  difference  of  the  readings  gives  the  head  ff. 
In  some  cases  it  is  possible  to  have  a  floating  gage  on  the  lower 
level,  the  graduated  rod  of  which  ts  placed  alongside  a  glass  tube 
that  communicates  with  the  upper  level;    the  head  H  is  then 
directly  read  by  noting  the  point  of  the  graduation  which  coin- 
cides with  the  water  surface  in  the  tube.     This  device  requires 
but  one  observer,  while  the  former  requires  two ;  but  it  is  usually 
not  the  cheapest  arrangement  unless  a  large  number  of  observa- 
tions arc  to  be  taken. 

From  thi:i  total  head  //  are  to  be  subtracted  the  losses  of  h<arf 
in  entering  the  forebay  and  penstock,  and  the  loss  of  head  in 
friction  in  the  penstock  itself,  and  these  losses  may  be  osceruinol 
by  the  methods  of  Chaps.  8  and  9.    'ITicn 
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is  the  effective  head  acting  upon  the  wheel.  In  properly  designed 
approaches  the  lost  heads  h'  and  h"  are  very  small. 

When  water  enters  upon  a  wheel  through  an  orifice  which  is 
controlled  by  a  gale,  losses  of  head  will  result,  which  can  be 
estimated  by  the  rules  of  Chaps.  5  and  6.  If  ihLs  orifice  is  in 
the  head  race,  the  loss  of  head  should  be  subtracted  together 
with  the  other  losses  from  the  total  head  //.  But  if  the  regulating 
gates  are  a  part  of  the  wheel  itself,  as  is  the  case  in  a  turbine,  the 
loss  of  head  should  not  be  subtracted,  because  it  is  properly 
cliargcable  to  the  construction  of  the  wheel,  and  not  to  the  ar- 
rangements which  furnish  the  supply  of  water.  In  any  event  that 
head  should  be  determined  which  is  to  be  used  in  the  subsequent 
discussions:  if  the  efficiency  of  the  fall  is  desired,  the  total  avail- 
able head  is  required  ;  if  the  cflTiciency  of  the  motor,  that  effective 
head  is  to  be  found  which  acts  directly  u[X)n  it  (Art.  14()), 

WTien  water  is  delivered  through  a  nozzle  or  pipe  to  an  im- 
pulse wheel,  the  head  h  is  not  the  total  fall,  since  a  large  part  of 
this  may  be  lost  in  friction  in  the  pipe,  but  is  merely  the  velocity- 
head  v'/ig  of  the  issuing  jet.  The  valtie  of  V  is  known  when  the 
discharge  q  and  the  area  of  the  cross-scctioa  of  the  stream  have 
been  determined,  and 

In  the  same  manner  when  a  stream  flows  In  a  channel  against 
the  vanes  of  an  undershot  wheel  the  effective  head  is  the  velocity- 
head,  and  the  theoretic  energy  is 

A"  =  \Vh  =  \W/2g  =  vx^hga* 
If,  however,  the  water  in  posing  through  the  wheel  falls  a  dis- 
tance hit  below  the  mouth  of  the  noule,  then  the  eflettive  head 
which  acts  upon  the  wheel  is  given  by 

Li  order  to  fully  utilize  the  fall  K  it  is  plain  that  the  wheel  should 
he  placed  as  near  the  level  of  the  tail  race  as  possible. 

Lastly,  when  water  enters  a  turbine  wheel  through  a  pipe, 
a  piezometer  may  be  placed  near  the  wheel  entrance  to  register 
the  pressure- he.ad  during  the  flow;  if  this  pressure-head,  mea^ 
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ured  upon  and  from  the  water  level  In  the  tail  race,  be  called  k 
and  if  the  velocity  in  the  pipe  be  v,  then 

18  Ihe  eflcttive  head  acting  on  the  wheel.  It  is  here  suj^nxd 
that  the  turbine  has  a  draft  tube  leading  below  the  water  kvtl 
in  the  tail  race ;  if  this  is  not  the  case,  hi  should  be  mcssnred 
upward  from  the  lowest  part  of  the  ejot  orifices, 

I'rol).  14S.  A  pmwxirc  gage  at  iht  entrance  ot  a  nostk  rcgklen  iiA 
pounds  per  square  inch,  and  the  cocllicient  of  velocity  of  the  noulc  ito.;}. 
Compute  tlie  eflcciivtr  vdodty-heaU  u(  the  issuing  jcL 


Art.  149.    Measurement  op  Effective  Power 

The  cfleclive  work  and  horse-power  delivered  by  a  water- 
wheel  or  hydraulic  motor  is  often  required    to  be  measured. 
Water  power  may  be  sold  by  means  of  the  weight  W,  or  quantity 
J,  furnished  under  a  certain  head,  leaving  the  consumer  to  pro- 
vide his  own  motor;  or  it  may  be  sold  directly  by  the  niunbei 
of  horse-power.     In  either  case  tests  must  be  made  from  time  to 
time  in  order  to  insure  that  the  quantity  contracted  for  is  actually 
delivered  and  is  not  exceeded.     It  is  also  frequently  required  to 
measure  effective  work  in  order  to  ascertain  the  power  and  effi- 
ciency- of  the  motor,  either  because  the  party  who  buys  it  has 
bargained  for  a  ccrrtain  power  and  efRciency.  or  because  it  is 
desirable  to  know  exactly  what  the  motor  is  doing  in  order  to 
improve  if  possible  lis  performance. 

The  test  of  a  hydraulic  motor  has  for  its  object :  first,  the 
determination  of  the  cftcttivc  energy  and  power;  second,  the 
determination  of  its  eiTiciency;  and  third,  the  delcrminatiun  of 
that  speed  which  gives  the  greatest  power  and  efficiency.  If  the 
wht?«l  be  still,  there  is  no  power;  if  it  be  revoh'ing  ver)*  fast,  the 
water  is  flowing  through  it  so  as  to  change  but  little  of  its  energy 
into  work :  and  in  all  cases  there  is  found  a  certain  speed  which 
gives  the  maximum  power  and  efficiency.  To  execute  these  tests, 
it  is  not  at  all  necessary  to  know  how  the  motor  is  constructed 
or  the  principle  of  its  action,  although  such  knowledge  is  very; 
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valuable,  and  is  in  fact  indispensable  to  enable  the  engineer  to 
suggest  metiiods  by  which  iis  operation  may  be  improved. 

A  method  in  which  the  effective  work  of  a  small  motor  may 
be  measured  is  tocompel  it  toexert  all  its  power  in  lifting  a  weight. 
For  this  purpose  the  weight  may  be  attached  to  a  cord  which 
is  fastened  to  the  horii!<ontal  axis  of  the  motor,  and  around  which 
it  winds  as  the  shaft  revolves.  The  wheel  then  expends  all  its 
power  in  lifting  litis  weight  Wi  through  the  height  /ii  in  U  scomds, 
and  the  work  performed  per  second  then  is  k  =  Wikj/t,.  This 
method  is  rarely  used  in  practice  on  account  of  the  difHculty  of 
measuring  t\  with  precision. 

The  usual  method  of  measuring  the  effective  work  of  a  hy- 
draulic motor  is  by  means  of  the  friction  brake  or  power  dyiia-  _ 
mometcr  invented  by  Prony 
about  1780.  In  Fig,  149  is  illus- 
tratfid  a  simple  method  of  apply- 
ing the  apparatus  to  a  vertical 
shaft,  the  upper  diagram  being 
a  plan  and  the  lower  an  eleva- 
tion. Upon  the  vertical  shaft 
is  a  ftxod  pulley,  and  against 
this  arc  seen  two  rectangular 
pieces  of  wood  hollowed  so  as 
to  fit  it,  and  connected  by  two 
bolts.  By  turning  the  nuts  on 
these  bolts  while  the  pulley  is 
revolving,  the  friction  can  be  in- 
creased at  pleasure,  even  so  as 
to  stop  the  motion;  around  these  bolts  between  the  blocks  are 
two  spiral  springs  (not  shown  in  the  diagram)  v^iich  press  the 
blocks  outward  when  the  nuts  are  loosened.  To  one  of  these 
bkicks  is  attached  a  cord  which  runs  horizontally  to  a  small 
movable  pulley  over  wliich  il  passes,  and  supports  a  scale-pan 
in  which  weights  arc  placed.  This  cord  runs  in  a  direction  op- 
posite to  the  motion  of  the  shaft,  so  that  when  the  brake  is 
lightened,  it  is  jwcventcd  from  revolving  by  the  tension  caused 
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by  the  wdghts.  The  direction  of  the  cord  in  the  horiioDtil 
plane  must  be  such  that  the  perpendicular  let  faU  upon  it  fnm 
the  center  of  the  shaft,  or  its  lever-arm,  is  constant ;  this  can  be 
effected  by  keeping  the  small  pointer  on  the  brake  at  a  find 
martc  established  for  that  purpose. 

To  measure  the  work  done  by  the  wheel,  the  shaft  is  disoo- 
nected  from  the  machinery  which  it  usually  runs,  and  allowed  to 
revolve,  transforming  all  its  work  into  heat  by  the  frictitHi  b^ 
tween  the  revolving  pulley  and  the  bn^,  whidi  is  kept  stadonuy 
'  by  tightening  the  nuts,  and  affhe  same  time  placing  suffidat 
weights  in  the  scale-pan  to  hold  the  pointer  at  the  fixed  maii. 
Let  n  be  the  number  of  revolutions  per  second  as  detennmed 
by  a  counter  attached  to  the  shaft,  P  the  tension  in  the  cord  vbidk 
is  equal  to  the  weight  of  the  scale-pan  and  its  loads,  /  the  lever- 
arm  of  this  tension  with  respect  to  the  center  of  the  ^laft,  r  tbe 
radius  of  the  pulley,  and  F  the  total  force  of  friction  between  the 
pulley  and  the  brake.  Now  in  one  revolution  the  force  F  is  over- 
come through  the  distance  2trr,  and  in  n  revolutions  through  Ute 
distance  27rm.     Hence  the  effective  woik  done  by  the  whed 

in  one  second  is 

k  =  P '  Tirm  =  Jim  -  Pr 

The  force  F  acting  with  the  lever-arm  r  is  exactly  balanced  by  the 
force  P  acting  with  the  lever-arm  /;  accordingly  the  moments 
Fr  and  PI  are  equal,  and  hence  the  work  done  by  the  wheel  in 
one  second  is  k-^-rnPl  (149). 

If  P  is  in  pounds  and  /  in  feet,  the  effective  horse-power  of  the 
wheel  is  given  by  rp^2^nPl/55o 

As  the  number  of  revolutions  in  one  second  cannot  be  accurately 
read,  it  is  usii^l  to  record  the  counter  readings  every  minute  or 
half-minute ;  if  N  be  the  number  of  revolutions  per  minute, 

kp  =  2irNPl/7,i  ooa  (149)i 

It  is  seen  that  this  method  is  independent  of  the  radius  of  tk; 
pulley,  which  may  be  of  any  convenient  size ;  for  a  small  motor  the 
brake  may  be  clamped  directly  upon  the  shaft,  but  for  a  large 
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one  a  pulley  of  considcmbk  size  is  needed,  and  a  special  arrange- 
roent  of  le^'crs  is  iLscd  instead  of  a  cord. 

The  efficiency  of  the  motor  is  now  found  by  dividing  tht"  effec- 
tive work  per  second  by  the  theoretic  work  per  second.  Let  K 
be  this  theoretic  work,  which  is  expressed  by  \Vh,  wliere  W  and 
k  are  determined  by  the  methods  of  Arts.  147  and  148 ;  then 

e  =  k/K    or    e  =  kp/OP 

The  work  measured  by  the  friction  braki;  is  that  delivered  at  the 
circumference  of  the  pulley,  and  does  not  include  that  powi^r 
which  is  required  to  overcome  ihe  friction  of  the  shaft  upon  its 
bearings.  The  shaft  or  axis  of  every  water-wheel  must  have  at 
least  two  bearings,  the  friction  of  which  consumes  probably  about 
2  or  3  percent  of  the  power.  The  hydraulic  power  and  efficiency 
of  the  wheel,  regarded  as  a  user  of  water,  are  hence  2  or  3  [jcrcent 
greater  than  the  values  computed  from  above  formulas.  For 
example,  let  P~i2.$  pounds,  /=i4.3i  feet,  and  ,V  =  63s.  then 
21.6  horse-powers  are  in  total  delivered  by  the  wheel,  of  which 
afjout  0.6  horse-iwwer  is  consumed  in  shaft  friction. 

There  arc  in  use  variou.t  forms  and  varieties  of  llie  friction  brake, 
but  the>"  all  act  uiwn  the  principle  and  in  the  manner  above  dt-scribcd. 
For  targe  wheels  llicy  are  made  of  iron,  and  al:no<it  coiiipletely  encircle 
the  pulley ;  while  a  special  arrangement  of  lc\'ers  is  used  to  lift  the  large 
weight  P.*  If  the  work  transformed  into  friction  be  large,  both 
ihc  brake  and  the  pulley  may  b.'^comt  hoi,  to  prevt-iit  which  a  -Stream 
of  cool  water  b  allowed  to  fiow  upon  them.  To  insure  steadiness  of 
motion,  it  IK  well  that  the  surface  of  the  pulley  should  be  lubricated, 
which  (or  a  w^xxicn  brake  is  well  done  by  the  use  of  soap.  Il  is  iir|X)r- 
tant  that  the  connection  of  the  cord  to  the  brake  should  be  so  made  '< 
that  the  lever-arm  /  increases  when  the  brake  moves  slightly  with  the 
wheel ;  if  this  is  not  done,  tlie  cfiuilibrium  will  be  unstable  and  the 
wheel  will  be  apt  to  cause  the  brake  to  revolve  with  it, 

CroS.  1  <9.  Finil  the  power  .inil  efficiency  of  .1  motor  whrn  the  theoretic 
energy  is  1.38  horsc-powcr,  which  makes  6;o  revolutions  per  minute,  the 
weight  on  the  brake  being  z  pouudti  14  ounces  and  it4  levcr-ano  1.33  feet. 

*  Tbunlon,  in  Tninuciion)  AmericDn  Society  of  MMhanicol  EnginMn, 
18S6,  vol.  8,  p.  J5Q. 
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Art.  150.    Tests  of  Turhixf,  Wueels 

Th«  following  description  of  a  test  of  a.  6>inch  Eureka  turbine, 
made  in  i888  al  the  hydraulic  laboratory  of  Lehigh  Univeraily, 
m.iy  serve  to  exemplify  the  method.t  of  the  preceding  articles. 
The  water  was  measured  by  a  weir  from  wlUch  il  ran  into  a  verti- 
cal penstock  15.98  square  feet  in  horizontal  cross-section.  This 
plan  of  having  the  weir  above  the  wheel  is  not  a  good  one.  but  it 
was  here  adopted  on  account  of  lack  of  room  below  the  turbine. 
When  a  constant  head  was  maintained  in  the  penstock,  the  quan- 
tity of  water  flowing  through  the  wheel  was  the  saftic  as  that  pass- 
ing the  weir ;  if.  however,  the  head  in  the  penstock  fell  x  feet  per 
minute,  the  flow  through  the  wheel  in  cubic  feet  per  minute  was 
6oq  +  15.98^:,  in  which  q  is  the  discharge  per  second  over  the 
weir.  As  the  supply  of  water  was  very  limited,  the  wheel  could.] 
not  be  run  lo  its  fully  capiicity.  Tlie  level  of  water  in  the  pen- 
stock was  read  upon  a  head  gage  consisting  of  a  glass  lube  behind 
which  a  graduated  scale  was  fixed,  the  zero  of  which  was  a  little 
above  the  water  level  in  the  tail  race.  The  latter  level  was  read 
u})on  a  lixed  graduated  scale  having  its  /.cro  in  the  same  horizon- 
tal plane  as  the  first ;  these  readings  were  hence  essentially  nega- 
tive. The  head  upon  the  wheel  is  then  found  by  adding  the  read- 
ings of  the  two  gages. 

The  vertical  shaft  of  the  turbine,  being  about  15  feet  long, 
was  supported  by  four  bearings,  and  to  a  small  pulley  upon  its 
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upper  end  was  altacht-d  the  frittioii  dynamomt'tcr,  as  described 
in  the  last  article.  The  number  of  revolutions  was  read  from  a 
coiinler  placed  in  the  lop  of  this  shaft.  The  observations  were 
taken  at  minute  intervals,  electric  bells  gi^nng  the  signab,  so 
thai  precisely  iit  the  beginning  of  each  minute  simultaneous  read- 
ings were  taken  by  observers  at  the  weir,  at  the  head  gage,  at 
the  tail  gage,  and  at  the  counter,  the  operator  at  the  brake  con- 
tinually keeping  it  in  equilibrium  with  the  resisting  weight  in  the 
scale-pan  by  slightly  tightening  and  loosening  the  nuts  as  required. 
The  above  shoe's  notes  of  all  the  observations  of  two  sets  of  tests, 
each  lasting  three  minutes,  the  weight  in  the  scale-pan  being 
different  in  the  two  sets. 

The  following  are  the  results  of  the  computations  made  from 
ihe  above  notes  for  each  minute  interval.  The  second  column 
is  derived  from  formula  (63)i,  using  the  coefficient  corresponding 
to  the  given  length  of  weir  and  depth  on  crest.  The  third  column 
is  obtained  by  taking  tlic  differences  of  the  oI}ser\cd  readings  of 
the  penstock  heail  gage.    The  fourth  column  gives  the  discharge 
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Q  through  the  wheel  found  as  above  explained.  The  fifth  column 
is  the  mean  head  A  on  the  wheel  during  the  minute,  as  derived  from 
the  observed  readings  of  head  and  tail  gage.  The  sixth  column 
is  found  by  formula  (146)-.  using  for  W  its  value  f^(,wO,  in  which 
)p  is  taken  at  6J.4  pounds  per  cubic  foot.  The  seventh  column 
is  computed  from  formula  (149)i;  and  the  last  column  is  found 
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by  dividing  the  numbere  in  the  sevenUi  by  those  in  the  aiih 
column. 

Those  results  show  that  the  mean  cfficicncj-  of  the  wheel  and 
shaft  under  the  conditions  stated  was  about  35  percent ;  lliis  lo* 
figure  being  due  to  the  circumslantx"  that  the  gate  was  not  fuBy 
opened.  It  is  also  seen  that  the  mean  efficiency  of  the  second  set 
is  2.:  percent  greater  than  that  of  the  first  set ;  this  is  due  to 
the  lower  speed,  and  with  still  lower  spcc^Ls  the  efficiency  was  found 
to  be  lower,  so  that  a  speed  of  about  535  revolution*  per  minute 
gives  the  maximum  efficiency. 

The  work  of  Francis  on  the  experiments  made  by  him  at 
Lowell,  Mass.,  will  always  be  a  classic  in  .\merican  hydraulic 
literature,  for  the  methods  therein  de\'eloi>cd  for  measuring  the 
theoretic  power  of  a  waterfall  and  the  effective  power  utilized 
by  the  wheel  arc  models  of  careful  and  precnsc  experimentation.* 
In  determining  the  speed  of  the  wheel  he  used  a  method  somewhat 
different  from  that  above  explained,  namely,  the  counter  attached 
to  the  shaft  was  connected  with  a  bell  which  struck  at  the  com- 
pletion of  every  50  resolutions ;  Ilie  observer  at  the  counter  had 
then  only  to  keep  his  eye  upon  the  watch,  and  to  note  the  time  at  ■ 
certain  designated  intervals,  say  at  every  sixth  stroke  of  the 
bell.  The  number  of  revolutions  per  second  was  then  obtained 
by  dividing  the  number  of  revolutions  in  the  inters-al  by  the  num- 
ber of  seconds,  as  determined  by  the  watch.  This  method  re- 
quires a  stop-watch  in  order  to  do  good  work,  unless  the  observer 
l)c  very  experienced,  as  an  error  of  one  second  in  an  interval  of 
one  minute  amounts  to  1,7  percent. 

At  Holyoke.  Mass.,  there  is  a  permanent  flume  for  testing 
turbines  arranged  with  a  weir  which  can  h-;  varied  up  to  lengths  of 
ao  feet,  so  as  to  test  the  largest  wheels  which  are  constructed. 
As  the  expense  of  fitting  up  the  apparatus  for  testing  a  large  tut^ 
bine  at  the  place  where  it  is  Id  be  used  is  often  great,  it  is  some- 
times required  in  contracts  that  the  wheel  shall  be  sent  to  a  place 
where  a  special  outfit  for  such  work  exists.  The  wheel  is  mounted 
in  the  testing  Hume,  and  there,  by  the  methods  explained  in  the 

*  Ijiwcll  Hydraulic  Eipcritncuu,  iH  EdiiioD,  iS$$ ;  4U1,  iSSi. 
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preceding  articles,  it  is  run  at  different  speeds  in  order  to  deter- 
jjninc  the  speed  whidi  gives  ihc  maximum  etTiciency  as  well  as  the 
leclive  power  developed  at  each  speed.  As  the  efficiency  of  a 
tuibinc  vuries  gri.'ratly  with  the  position  of  the  galo  which  admits 
the  water  to  it,  tests  are  made  with  the  gate  fully  opened  and  at 
various  partial  openings.  The  results  thus  obtained  are  not  only 
valuable  in  furnishing  full  information  concerning  the  effective 
pom-er  and  efhticncy  of  the  wheel,  but  lliey  also  convert  the  turbine 
I  a  water  meter,  so  that  when  running  under  the  same  head  as 
the  tests,  the  quantity  of  water  which  passes  through  it 
per  second  can  at  any  time  be  closely  ascertained  by  noting  the 
number  of  revolutions  per  second. 

The  following  gives  the  results  of  the  tests  of  an  8o-inch  outward- 
flow  Boyden  turbine,  made  at  Holyoke  in  1885,  tJic  gate  bdng  fully 
opened  in  each  experiment,  The  heads  in  the  second  column  were 
derived  from  the  hcatl  and  tail  race  gages,  these  being  arranged  so 
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•hat  one  observer  could  directly  read  the  difTcrcnce,  The  numl>er5 
■"  the  third  column  were  found  by  dividing  the  total  number  of  revo- 
'utions  during  the  experiment  by  its  length  in  minutes ;  those  in  the 
'oimh  by  the  weir  formula  (63),;  those  in  the  fifth  by  (140),  from 
^  records  of  the  friction  dynamometer ;  and  those  in  the  last  column 
*ere  computed  by  (M6)».  It  is  seen  that  the  discliarge  always  in- 
*'eascd  with  the  speed  of  the  wheel,  and  the  reiison  for  this  is  explained 
"» Art,  1B6.  The  maximum  efficiency  of  7(1.6  percent  occurred  at  70 
fcvoititions  per  minute;  and  for  100  revolutions  per  minute  the  cffi- 
Qeacy  was  lowered  to  67.7  percent,  notwithstanding  that  the  quantity 
of  water  passing  through  the  wheel  was  much  gn^ater. 
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Prob.  ISO.  Coroputt  the  theoretic  horw-powcr  tad  the  effideocy  (ar ' 
the  ftbove  c]q)CTiincnts,  Nos.  15  anci  31,  on  the  large  Boyrfen  outwanl-Ba«  ' 
turbine.  I 

Art.  151.    Facts  concerndig  Water  Pob-eb 

Th«  number  of  horse-powers  generated  by  water-whe«b  imj 
turbines  and  used  in  manufacturing  establishments  in  the  Unitoi 
Stales  was  i  130431  in  1870,  i  325  379  in  1880.  i  263343  in  1890, 
and  I  727  25S  in  1900;  these  figures  do  not  include  the  ekctric 
power  derived  from  water.  In  1908"  the  total  development 
was  5  356  680  horse-powers  in  5a  827  whecb  and  tuibiocs. 
Sinee  1890  there  has  been  a  large  development  of  water  power 
in  connection  with  electric  light  and  trolley  scr\'tcc.  and  this 
development  promises  to  attain  great  proportions  during  the 
twentieth  century.  It  has  been  estimated  that  the  rivers  of  the 
United  Slates  can  furnish  about  212000000  honic-powers,  so  that 
the  possibilities  for  the  future  are  almost  unlimited. 

Water  power  is  sometimes  sold  by  what  is  called  the  "miU 
power,"  which  may  be  roughly  supposed  to  be  such  a  quantity  ■ 
as  the  average  mill  requires,  but  which  in  any  particular  c^isc  must 
be  defined  by  a  certain  quantity  of  vrater  under  a  given  head. 
Thus  at  Lowell  the  mill  power  is  30  cubic  feet  per  second  under 
a  head  of  25  feet,  which  is  equix-alcnt  to  85.2  theoretic  horse- 
power. At  Minneapolis  it  is  30  cubic  feet  per  second,  under  22 
feet  head,  or  75  tlicorctic  horse-power.  At  Holyokc  it  is  38  cubic 
feet  per  second  under  20  feet  head,  or  86,4  theoretic  horse-power. 
This  stems  an  excellent  way  to  measure  power  when  tt  is  to  be 
sold  or  rented,  as  the  head  in  any  particular  instance  is  not  subject 
to  much  variation ;  or  if  so  liable,  arrangements  must  be  adopted 
for  keeping  it  nearly  constant,  in  order  that  the  machinery  in  the 
mill  may  be  run  at  a  tolerably  uniform  rate  of  speed.  Thus 
nothing  remains  for  the  water  company  to  mea.sure  except  the 
water  used  by  the  consumer.  The  latter  funiishes  his  own  motor,  ■ 
and  is  hence  interested  in  securing  one  of  high  efficiency,  that  he 
may  derive  the  greatest  power  from  the  water  for  which  he  pays. 
The  perfection  of  American  turbines  is  undoubtedly  largely  due 

*  Watct  Supply  and  Irriitnliun  Paper,  No.  >J4. 
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to  this  method  of  selling  power,  and  the  consequent  desire  of  the 
mill  owners  to  limit  their  expundilurc  for  water.  The  turbine 
itself,  when  tested  and  rated,  becomes  a  meter  by  which  the  com- 
pany can  at  any  time  determine  the  quantity  of  water  that  passes 
through  it. 

A  common  method  of  sellin);  the  power  which  is  generated 
by  turbines  is  by  the  nominal  horse-power  of  the  wheel  as  slated 
in  the  catalogue  of  the  manufacturer.  The  seller  fixes  a  price  per 
annum  for  one  horse-power  on  this  basis,  and  the  buyer  furnishes 
his  own  wheel.  By  this  melhod  no  controversy  can  arise  regard- 
ing the  amount  of  water  used,  for  the  purchaser  has  the  right  to 
tjse  all  that  c!in  pass  through  the  turbine.  The  h«:id  to  be  used 
for  finding  the  nominal  horsepower  is  the  mean  head  which  can 
be  utilized  by  the  wheel,  and  this  must  be  agreed  upon  in  advance 
between  the  parties. 

The  power  of  electric  generators  is  usually  expressed  in  kilo- 
watts. One  Bnglish  horse-power  is  0.746  kilowatts,  and  one 
metric  horse-power  is  0.736  kilowatts.  One  kilowatt  is  1.340 
English  horse-powers  or  1.360  metric  horse-powers.  The  effi- 
ciency of  a  good  electric  generator  is  about  95  percent,  so  that  it 
delivers  95  percent  of  the  work  imparled  to  it  by  the  turbine 
wheel ;  if  the  efficiency  of  this  wheel  is  75  percent,  the  combined 
efficiency  of  the  hydraulic  and  electric  plant  is  71  percent.  Elec- 
tric power  b  usually  sold  by  the  kiluwatt-hour,  this  being  meas- 
ured by  a  wattmeter. 

The  available  power  of  natural  waterfalls  is  ver>-  great,  but  it  is 
probably  exceeded  by  that  which  can  be  derived  from  the  tides  and 
waves  of  the  ocean.  Twice  every  day,  under  the  attraction  of  the 
sun  and  moon,  an  immense  weight  of  water  is  lifted,  and  it  is  theoret- 
ically i>o^sible  to  dtrrive  from  this  a  |>ower  due  to  its  weight  and  lift. 
Coniinuiillyalong  every  ocean  beach  the  waves  dash  in  roar  and  foam, 
and  energy  is  wasted  in  heat  which  by  some  device  might  be  utilized 
in  jX)wer.  The  expense  of  deriving  power  from  these  sources  is  indeed 
greater  than  that  of  the  water  wheel  under  a  natural  fall,  but  the  time 
may  come  when  the  profit  will  exceed  the  exj^nse,  and  then  it  will  cer- 
tainly be  done,  Coal  and  wood  and  oil  may  become  exhausted,  but 
as  long  a.4  the  force  of  gravitation  exists,  and  the  ocean  remains  upon 
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which  it  can  act,  power,  heat,  And  light  can  be  gcncraln]  in  unlimiti 
quantities. 

Prob.  loin-    Deduce  the  simple  and  useful  rule  that  one  inch  of  rain 
per  hour  h,  very  nearly,  equivalent  to  one  cubic  foot  per  accoud  per  acrt. 

Prob.  I5Ii.  find  the  theoretic  horse-power  of  a  plant  where  uooctibic 
feet  of  water  per  setonU  is  usied  under  a  total  liead  of  49.5  feet,  [f  ibt 
efficiency  of  the  iippn)iirhes  is  99  per  «-iil,  the  cfScicncy  of  the  turbiiw 
76  percent,  and  the  cfliciciicy  of  the  dynamos  96  percent,  «hal  power  in 
kilowatts  is  delivered? 

I'roli.  I51f.  What  i*  the  theoretic  metric  horse-power  of  a  plant  what 
liacubi'  meters  of  water  iXT  secoiul  arc  uscil  under  11  head  of  ^3.5  tnettfs? 
If  the  cITicienciea  of  the  approaches,  turbines,  and  electric  genemton  are 
08.5,  74.3,  ani)  57.5  percent,  reajiec lively,  compute  tlic  number  of  mclric 
horsc-powt^rs  delivered,  and  abo  the  power  in  kilowatts. 

Prob.  151<f.  When  a  turbine  is  tested  bya  friction  dynamometer, iho" 
that  Us  power  in  kilowatts  is  o.ooioj.V/'i,  if  J*  be  the  load  on  the  brakr  is 
kilogrnms,  /  its  lever-arm  in  meterx,  and  N  the  number  of  levulutioDs  pe 
minute.  VVTien  .V  =  100,  P  ^  150  kilograms,  and  I  •-  j.oi  meters  ^^'^ 
electric  power  is  delivered  by  a  dynamo  attached  to  the  tuilrine  when  ii( 
cJicJcncy  of  the  dynamo  isg?.!  percent? 

Prob.  151c.  The  hcclare-meter  is  a  canvtniatt  unit  for  cttimitiiag 
large  quantities  of  water  in  irrigaiinn  and  waier-sui^ly  n-ork.  Show  iltit 
one  hcctarc-meler  i*  10  000  cubic  meleni.  ^am  that  100  rentimeten  oi 
rainfall  falling  in  one  month  is,  very  neatly,  0.004  cubic  meters  per  toxni 
per  hectare. 
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CHAPTER    12 


DYNAMIC  PRESSPRE  OF  WATER 


Art.  152.     Definitions  and  Principles 

The  pressures  exerted  by  moving  water  against  surfaces  which 
chiinge  hs  direclion  or  check  its  vclucily  arc  culled  dynamic, 
and  they  follow  very  different  laws  from  those  which  govern  the 
static  pressures  that  have  been  discussed  and  used  in  the  preceding 
chapters.  A  static  pressure  due  to  a  certain  head  may  cause  a 
jet  to  issue  from  an  orifice;  but  this  jet  in  impinging  upon  a 
surface  may  cause  a  dynamic  pressure  less  than,  equal  to,  or 
greater  than  that  due  to  the  head.  A  static  pressure  at  a  given 
point  in  a  mass  of  water  is  exerted  with  equal  intensity  in  all  direc- 
tions ;  but  a  dynamic  pressure  is  c-terled  in  different  directions 
with  difTcrcnt  intensities.  Ill  the  following  chapters  the  words 
"  static  "  and  "  dynamic  "  will  generally  be  prefixed  to  the  word 
"pressure,"  so  that  no  confu^on  may  result. 

The  dynamic  pressure  eiccrtcd  by  a  stream  flowing  with  a 
given  velocity  against  a  surface  at  rest  is  evidently  equal  to  that 
produc^xl  when  the  surface  moves  in  still  water  with  the  same 
velocity.  This  principle  was  applied  in  Art.  40  in  rating  the 
current  meter,  the  vanes  of  which  move  under  the  impulse  of  the 
impinging  water.  The  dynamic  pressure  exerted  upon  a  moving 
bo<ly  by  a  flowing  stream  depends  uiwn  the  velocity  of  the  body 
relative  to  the  stream. 

The  "impubc"  of  a  jet  or  stream  of  water  is  defined  as  the 
dynamic  pressure  which  it  is  capable  of  producing  in  the  direction 
of  its  motion  when  its  veloctty  is  entirely  destroyed  in  that  direc- 
tion. This  can  be  done  by  deflecting  the  jet  normally  sidewise  by 
a  fixed  surface;  when  the  surface  is  smooth,  so  that  no  energy 
is  lost  in  friclional  resistances,  the  actual  velocity  remains  un- 
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altered,  but  the  velocity  in  the  original  direction  has  been  roi- 
dcrcd  null.  In  Art,  27  it  is  shuwn  that  the  theoretic  force  i>f 
impulse  of  a  stream  of  cross-section  a  and  velocity  v  is 


Fig.  162 


p  =  W^  =  wq'^=2wa^  (152) 

in  which  W  and  q  are  the  weight  and  volume  delivered  per  second, 
and  u'  is  t}ie  weight  of  one  cubic  unit  of  water.  This  etjuatJon 
shows  that  the  dynamic  pressure  that  may  be  produced  by  im- 
pulse is  equal  to  Uie  static  pressure  due 
to  twice  the  head  corresponding  to  the 
velocity  v.  It  would  then  be  cxpcctdi, 
when  two  equal  orifices  or  tubes  ate 
placed  exactly  opposite,  as  in  Fig.  125,  '-T 
and  a  loose  plate  is  placed  verli- 
cally  against  one  of  them,  that  ihe 
dynamic  pressure  upon  the  plate  causwl 
by  the  impulse  of  the  jet  issuing  from  A 
under  the  head  k  would  balance  the  static  pressure  caused  by 
the  head  2/1.  This  conclusion  has  been  confirmed  by  experiment, 
for  a  tube  A  which  has  a  smooth  inner  surface  and  rounded 
inner  edges  so  that  its  coctBdent  of  discharge  is  unity. 

The  reaction  of  a  jet  or  stream  is  the  backward  d>Tuunic 
pressure,  in  the  line  of  its  motion,  which  is  exerted  against  a 
vessel  out  of  which  it  issues,  or  against  a  surface  away  from  which 
it  moves.  This  is  equal  and  opposite  to  the  impulse,  and  the 
equation  alwve  given  expresses  its  value  and  the  laws  whicb 
govern  it.  The  cxprassion  for  the  reaction  or  impulse  F  in  (152) 
may  be  also  proved  as  follows:  The  deiinition  by  which  forces 
arc  compared  with  each  other  is,  that  forces  are  proportional  to 
the  accelerations  which  Ihey  can  produce.  The  weight  II', il 
allowed  to  fall,  acquires  the  acceleration  g ;  the  foree  F  which  «» 
produce  the  acceleration  ;<  is  lience  related  to  W  and  ^  by  tttf 
equation  F/W  =  r,'^,  and  accordingly  F  =  W  •  v/g. 

The  forces  of  impulse  and  reaction  do  not  rejilfy  exist  in  a  stream 
Sowing  with  constant  velocity  and  direction,  although  F  iodicoto 
force  that  was  exerted  in  putting  the  stream  into  moUoa  and  tbe 
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force  that  is  required  to  *lo[>  it.  When  the  <lirection  of  the  stream  is 
changed  by  opposing  obstacles,  the  impulse  and  reaction  produce 
dynamic  pressure ;  it,  in  makinK  this  change,  the  absolute  velocity  is 
retarded,  energy  is  converted  into  work.  Impulse  and  reaction  are  of 
practical  value,  because  the  resulting  dynamic  prci.iure.t  may  be  uti- 
lized for  the  production  of  work.  For  this  purpose  water  is  made 
to  impinRC  upon  moving  vanes,  which  alter  both  its  direction 
and  velocity,  thus  producing  a  dynamic  pressure  P,  which  owrcomcs 
in  each  second  an  equal  resisting  force  through  the  space  «.  The  work 
done  [>er  jerontl  is  Ihen  k  =  Pu,  and  it  is  the  object  in  dwigning  a  hy- 
draulic motor  to  make  this  work  as  large  as  possible ;  for  this  purpose, 
tlie  mo!(i  advantageous  values  of  P  and  «  arc  to  be  selected. 

The  word  "impact"  is  sometimes  popularly  used  to  designate 
impulse  or  pressure,  but  in  hydraulics  it  refers  to  those  cases  where 
energy  is  lost  in  eddies  and  foam,  as  when  a  jet  impinges  into  water 
or  upon  a  rough  plane  surface.  Impact  is  not  defined  in  algebraic 
terms,  but  the  energy  lost  in  impact  may  br  so  defined  and  computed. 
When  the  energj"  of  a  stream  of  water  is  to  he  utilized,  lossas  due  to 
impact  should  be  avoided.  Whenever  impact  occurs,  kinetic  energy 
It  transformed  into  heal. 

prof).  152.     \\'hen  a  jet  is  one  inch  in  diaraeler.  how  many  gallons 
pcrKcvnd  must  it  deliver  in  order  that  it.t  imptiLsc  may  Ik  ioo[)0uud»? 


Art.  1.53.    Expekimknts  on  Impdlsf.  and  RejVction 

.\  simple  dc\'ice  by  which  the  dynamic  pressure  P  exerted 
upon  a  surface  by  the  impulse  and  reaction  of  a  jet  that  glides 
over  it  can  be  directly  weighed  isi 
shown  in  Fig.  153o.  It  consists 
merely  of  a  bent  lc\-eT  supported 
on  a  pivot  at  O.  and  ha\'ing  a  plate 
A  attached  at  the  lower  end  of  the 
vertical  arm  uixm  which  the  stream 
impinges,  while  weight.'*  applied  at 
the  end  of  the  other  ann  measure 
the  dynamic  pressure  produced  by  the  impulse.  By  means  of  an 
apparatus  of  this  nature,  experiments  have  been  made  by  Bidonc, 
Wcisbach,  and  others,  the  results  of  which  will  now  be  stated. 


Fig.  lf>3rl. 
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When  the  surface  upon  which  the  stream  impinges  Is  a  planci 
normal  to  the  direction  of  the  stream,  as  shown  at  A.  the  djT 
pressure  P  closely  agrees  with  liiat  given  by  the  theoretic  for 
for  F  in  the  last  article,  namely, 

g  H 

being  about  i  percent  greater  according  to  Bidonc,  and  about 
4  percent  less  according  lo  Wcisbach.  The  actual  value  (A  P 
was  found  to  vary  somewhat  with  the  size  of  the  plate,  and  with 
its  distance  from  the  end  of  the  tube  from  which  the  jet  issued. 

When  the  surface  upon  which  tlie  stream  impinges  is  runcd, 
as  at  B,  or  so  arranged  that  the  water  is  turned  backward  from 
the  surface,  the  value  of  the  dviiamic  pressure  P  was  found  to  be 
always  greater  than  the  theoretic  value,  and  that  it  incnastd 
w'th  the  amount  of  backward  inclination.  Wlien  a  tomplctt 
reversal  of  the  original  direction  of  the  water  was  obtained,  as 
at  C,  it  was  found  that  P,  as  measured  bj'  the  weights,  vnis  neatly 
double  the  value  of  that  agatast  the  plane.  This  is  explained  by 
slating  that  as  long  as  the  direction  of  the  (low  is  toward  the  sur- 
face the  dynamic  pressure  of  iti  impulse  b  exerted  upon  it,  but 
when  the  water  flows  backward  away  from  the  surface,  the 
djTiamic  i)rc-ssure  due  to  both  impulse  and  reaction  is  then 
exerted  upon  it.     The  sum  of  these  is 


P='P  +  P 
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which  agrees  with  the  results  experimentally  obtained. 

An  experiment  by  Morosi  •  shows  clearly  lliat  the  dynanuc 
pressure  against  a  surface  may  be  increased  still  further  by  ihf 
device  shown  in  Fig,  153&.  where  the  stream  is  made  to  pcrionn 
two  complete  reversals  upon  tlic  surface.  He  found  that  in  this 
case  the  value  of  the  dynamic  pressure  was  5.33  times  as  gnat 
as  that  against  a  plane,  for  P  =  3.3J  P.  whereas  theoretically  iht 
3.33  should  be  4.  In  this  case,  as  in  (hose  preceding,  the  water  i" 
passing  over  the  surface  loses  cner^gy  in  friction  and  foam,  90  thit 

*  RitblniBii  's  Hydromochaaik  (Kunover,  1879),  p.  5S6. 
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its  velocity  is  diminished,  and  it  should  hence  be  expected  that 
the  L'xiKTimcntal  v-aliitrs  of  tht-  <lynamio  pressures  would  be  less 
than  the  theoretic  values,  as  in  general  they  are 
found  to  be. 

While  tlic  expcrimcnW  here  briefly  described 
thoroughly  confirm  the  results  of  theory,  they 
further  show  it  is  the  change  in  direction  of  the 
velocity  when  in  contact  with  the  surface  which 
produces  the  dynamic  pressure.  If  the  stream 
strikes  normally  against  a  plane,  the  direction  of  its  velocity  is 
changed  9(f,  and  this  is  the  same  as  the  entire  destruction  of 
the  velodty  in  its  original  direction,  so  that  the  dynamic  pres- 
sure P  should  agree  with  the  impulse  /■".  'I'his  important  princi- 
ple of  change  in  direction  will  be  theoretically  exemplified  later. 

The  dynamic  pressure  which  is  prociuced  by  the  direct  reaction 
of  a  slream  of  water  when  issuing  from  a  \tTtical  orifice  in  the 
side  of  a  vessel  was  measured  by  Ew;ir(  with 
the  apparatus  shown  in  Kig.  l.Vtc,  which  will 
be  readily  understood  without  a  detailed  de- 
scription. The  discussion  of  these  experi- 
ments made  by  Weisbatli  *  shows  that  the 
measured  values  of  I'  were  from  2  to  4  per- 
cent less  than  the  theoretic  value  P  as  given 
I)y  (l')3).  so  th;il  tn  this  case,  also,  theorj-and 
observation  arc  in  accordance. 

An  experinH-nt  by  Unwin.t  illustrated  in  Fig.  IS-Trf,  is  very 
interesting,  as  it  perhaps  cxi>lains  more  clearly  than  formula  (152) 
why  it  is  that  the  dynamic  pressure 
due  to  impulse  is  double  the  static 
pressure.  Two  vessels  having  con- 
verging tubes  of  equal  size  were 
placed  so  that  tiie  jet  from  A  w;ts 
directed  exactly  into  B.  The  head  in 
form  at  jol  inches. 


>-^ 


kept 


Hg. 


"  Thcortlir«l  Mecbanioi,  Coxc"*  traimlallon,  vol.  i,p.  1004. 
f  Kni'yclujHtlii  HriEiinnica,  glh  hMltioii.  vol  11,  p.  4<>7. 
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when  it  was  found  that  the  water  in  B  continued  to  rise  until  a 
head  of  18  inches  was  reached.  Ml  the  water  admitted  inlO'l 
was  thus  lifted  in  B  by  the  impulse  of  the  Jet.  with  a  loss  o(  i\ 
inches  of  head,  which  was  caused  by  foam  and  friction,  If 
such  losses  could  be  entirely  avoided,  the  wat«r  in  B  nu^t 
be  raised  to  the  same  level  us  that  in  A.  In  the  case  shown  a 
the  figure  where  the  water  overflows  from  B,  the  impulse  ot  the 
jet  has  not  only  to  overcome  the  static  pressure  due  to  the 
head  A,  but  also  to  furnish  the  dynamic  pressure  equi\'a]cnt  to 
a  second  head  A  in  order  to  raise  the  water  through  that  heigbt. 
But  the  level  in  B  can  never  rise  higher  than  in  A,  toi  (bt 
velodty-head  of  the  jet  cannot  be  greater  than  that  of  the  static 
head  which  generates  it. 

pTDb.  153.  Accepting  as  &n  experimental  fact  lliat  the  force  of  linpulM 
or  reaclioo  iwloublc  the  ttatic  pressure,  show  tbnl  the  theoretic  wtedty 
of  flow  Is'^igk. 

Art.  154.    Surfaces  at  Rest 

Let  a  jet  of  water  whose  cross-section  is  a  imiMnge  in  penna- 
nent  flow  with  the  uniform  velocity  v  upon  a  surface  at  rest.  l.;et 
till-  surface  be  smooth,  so  that  no  resisting  force  of  friction  cxisb, 
and  let  the  stream  be  prevented  from  spreading  laterally.    The 


i 


water  then  passes  over  the  surface,  and  leaves  it  with  the  original 
velocity  V,  prcMtudng  upon  it  a  dyn.imic  pressure  whose  value 
depends  upon  its  change  of  direction.  At  B  in  Fig.  IMa  the 
stream  is  deflected  normal  to  its  original  direction,  and  at  D 
a  complete  reversal  is  effected.  Let  0  be  the  angle  between  the 
initial  and  final  directions,  as  shown.  It  is  required  to  detennbe 
the  dynamic  pressure  exerted  upon  the  surface  in  the  same  direc- 
tion as  that  of  the  jet.  In  the  above  figures,  as  in  those  that  follow, 
the  stream  is  supposed  to  lie  in  a  horizontal  plane,  so  that  no 
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acceleration  or  retardation  of  its  velocity  will  be  produced  by 
the  action  ol  gravity. 

The  stream  entering  upon  the  surface  exerts  its  impulse  F 
in  the  same  direction  as  that  of  its  motion ;  leaving  the  surface, 
it  exerts  its  reaction  F  in 
opposite  direction  to  that 
of  its  motion.  Let  P  be 
the  dynamic  pressure  thus 
produced  in  the  direction 
of  the  initial  motion,  F\  ^ 
the  component  of  the  re-  * 

action  F  in  the  same  direc- 
tion.   Then 

and  inserting  for  F  its  value  as  given  by  (152), 


P=(i-cosO)ir 


g 


{154), 


^^cb  k  the  formula  for  the  dynamic  pressure  in  the  direction 
of  the  impinging  jet.  If  in  this  9  =  o°,  the  stream  glides  along 
the  surface  without  changing  its  direction,  and  F  becomes  zero ; 
if  tf  is  90°,  the  resulting  dynamic  pressure  is 

P  =  F  =  W^^ 
i 

and  if  &  becomes  180°.  a  complete  reversal  of  direction  is  obtained, 

and  the  resulting  dynamic  pressure  that  is  exerted  by  the  jet 

against  the  surface  is 

P=2F  =  2IV- 
i 

These  theoretic  conclusions  agree  with  the  experimenlal  results 
described  in  the  last  article.  In  tlij^duction  of  (154)]  the  angle 
B  has  been  regarded  as  less  than  g^,  but  the  same  formula  results 
if  &  be  considered  greater  than  »^°,  since  then  the  sign  of  the 
reaction  f  1  is  positive. 

The  resultant  dynamic  pressure  exerted  upon  the  surface  » 
found  by  combining  by  the  parallelogram  of  forces  the  impubc  F 
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and  the  equal  reaction  F.     In  Fig.  1546  it  is  seen  that  this  resul- 
tant bisects  the  angle  i8o  —  0,  and  that  its  value  is        n- 


V 


W  -  a^cosKrSo  -  5)  =  2  sin§5  ■  \V  - 

It  is  usually,  however,  more  important  to  ascertiiin  the  pressure 
in  a  given  direction  tkin  the  resultant.  This  can  be  found  by 
taking  the  component  of  the  resultant  in  that 
direction,  or  by  taking  the  algebraic  sum  of 
the  Components  of  the  initial  impulse  and  the 
final  reaction. 
"Si.^    M  "         To'  find  the  dynamic  pressure*/"  in  a  di- 

1^^  rectiou   which   makes  tia  aaglc  «  with   Ijk 

-^  entering  and  the  angle  6  with  the  departing 

'*'  stream,  the  components  in  that  direction  are 

Pi  =  Fcosa         P,--i''costf 
and  the  algebraic  sum  of  these  two  comp<ment8  is 

i'  =  F(cosa-costf>-(coBa-cos*)ir5  (154), 

This  becomes  equal  to  F  when  a  =>  o  and  8  "  90°,  as  at  £  m 
Fig.  154a,  and  also  when  m  =  90°  and  Q  =  180°.  When  0  =  0° 
and  0  =  180°  the  entering  and  departing  streams  are  parallel,  as 
at  D  in  Fig.  154o,  so  that  the  value  of  /*  is  2F,  which  in  this  case 
is  the  same  as  the  resultant  pressure. 

The  formulas  here  deduced  are  entirely  independent  of  the  fom 
of  the  surface,  and  of  the  angle  with  which  the  jet  enters  upon  it. 
It  is  clear,  however,  if,  as  in  the  planes  in  Fig.-  I5ia,  this  angle  is 
such  as  to  allow  shock  to  occur,  that  foam  and  changes  in  cross-sec- 
tion may  result  which  will  cause  energy  to  be  dissipated  in  heaL 
These  losses  will  diminish  the  velocity  v  and  decrease  the  theoretic 
dynamic  pressure.  These  effects  cannot  he  formulated,  but  it  is  a 
general  principle,  which  is  confirmed  by  experiment,  that  they  may 
be  largely  avoided  by  allowing  the  jet  to  impinge  tangentially  upon 
the  surface. 

In  all  the  foregoing  formulas  the  weight  W  which  impinges  upon 
the  surface  per  second  is  the  same  as  that  which  issues  from  the  orifice 
m  nozde  that  supphes  the  stream,  or 
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To  find  TF  it  b  hence  necessary  lo  use  the  molhods  of  the  i>rece(lmg 
chapters  to  determine  cither  the  discharge  9  or  the  mean  velocity  v. 

I'rob.  l.>t.     U  F  U  ro  pounds,  «  =  0*.  and  0  =  60",  show  that  the  prcs- 
I  sure  parallel  lo  iho  direciioii  of  the  jet  is  s  pounds,  that  tht  pre^ure  normal 
to  thai  direction  a  &.66  pounds,  iinil  that  the  resultant  dynamic  pressure  is 
10  pounds. 

^H  AsT.  155.      lUMCRSED   BoUtES 

^^MVhen  a  body  is  immersed  in  a  flowing  stream,  or  when  it  is 
I  moved  in  still  water,  so  that  filaments  arc  caused  to  change  their 
direction,  a  dynamic  pressure  is  exerted  by  the  stream  or  overcome 


by  the  body.  It  is  to  be  inferred  from  what  has  preceded  that 
the  dynamic  pressure  in  the  direction  of  the  motion  is  proportional 
to  the  force  of  impul.sc  of  a  stream  which  has  a  cross-section  equal 
to  that  of  the  body,  or  . 

H 
in  which  m  is  a  number  depending  upon  the  length  and  shape  of 
the  immersed  portion,  and  whose  value  is  a  for  a  jct  impinging 
normally  upon  a  plane. 

Expcrimcnls  made  upon  snuiU  plates  held  normally  to  the 
direction  of  the  (low  show  that  the  value  of  w  lies  between  1.25 
and  1.75,  the  best  determinations  being  near  1.4  and  1.5.  It  is 
lo  be  expected  that  the  dynamic  pressure  on  a  plate  in  a  stream 
would  be  less  than  that  due  to  the  impulse  of  a  jcl  of  tlic  same 
croes-seclion.  as  the  filaments  of  water  near  the  outer  edges  are 
(Towded  sideways  in  the  latter  case  and  hence  do  not  impinge 
with  fill!  normal  effecl.  and  the  above  results  confirm  ihis  sup- 
position. 1"hc  few  cs(>eriments  on  record  were  made  with  small 
plates,  mostly  less  than  3  square  feel  in  area,  and  they  seem  to 
indicate  that  ll-.e  value  of  the  toefficient  m  is  greater  for  large 
surfaces  than  for  small  ones. 
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The  determination  of  the  ciynamic  prcssun;  upon  the  end  cf  ! 
an  immersed  cylinder  or  prism  Ls  ditVicult  because  of  the  rciisliiijt  ' 
friction  of  the  sides ;  but  il  is  well  ascertained  lo  be  less  than  ikt 
upon  a  plane  of  the  same  area,  and  within  certain  limils  Xoit- 
crease  mth  the  length.  For  a  conical  or  wedge-shaped  body  tbt 
dynamic  pressure  is  less  than  that  upon  the  cylinder,  and  itb 
found  that  its  intensity  is  much  modified  by  the  shape  of  the  tta 
surface  of  the  body. 

When  a  body  is  so  shaped  as  to  gTuduatly  deflect  the  ftlamenls  ' 
of  water  in  front,  and  to  allow  Ihem  to  gradually  close  in  again 
upon  the  rear,  the  impulse  of  the  front  filaments  upon  the  body 
is  balanced  by  ihe  reaction  of  those  in  the  rear,  so  that  the  rcid- 
tant  dynamic  pressure  is  zero.  The  forms  of  boats  and  ships 
should  be  made  so  as  to  obtain  this  result  as  nearly  as  possible, 
and  then  the  proix-IIing  force  has  only  to  overcome  the  frictional 
resistance  of  the  surface  upon  the  water.  A  body  so  shaped  is 
said  to  have  a  "fair  form"  (Art.  183). 

The  d>'namic  pressure  produced  by  the  impulse  of  ocean 
waves  striking  upon  piers  or  lighthouses  is  often  very  grot. 
The  experiments  of  Stevenson  on  Skerr^-vore  Island,  where  the 
waves  probably  acted  with  greater  force  than  usual,  showed  that 
during  the  summer  months  the  mean  dyniimic  pressure  per  square 
foot  was  about  6oo  pounds,  and  during  the  winter  months  about 
2100  pounds,  the  maximum  observed  value  being  6ioo  pounds. 
At  the  Bell  Rock  lighthouse  the  greatest  value  observed  was 
about  30CX)  pounds  per  square  foot.  The  observations  were  made 
by  allowing  the  wavc-s  to  impinge  upon  a  circular  plate  about  6 
inches  in  diameter,  and  the  pressure  produced  was  registered  b)' 
the  compression  of  a  spring.  Such  high  unit- pressures  do  not 
probably  act  upon  large  areas  of  masonry  which  arc  exposed  to 
wave  action.* 

Prob.  I1S5.  Compute  the  probable  dynamic  prossure  upon  a  surface 
I  foot  ftquurc  when  immiTsnl  in  a  currrnt  whoK  velocity  is  9  feci  per  second, 
the  direction  of  the  current  being  Dormal  to  tlie  lurfaci;. 

•  Cooper  on  Occ»n  \\'t\t»,  in  Trsasftctiotu  Ammcaa  Society  Ci^il 
SogblMn,  i8v6.  fol-  36,  p.  i$o. 
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Art.  I5R.    Ci^ved  Pipes  and  Channels 

The  d>iiainic  pressures  discussed  in  the  preceding  article 
,  have  been  tliose  caused  by  jels.  or  isolated  streams,  of  water. 
',  llicre  is  now  to  be  considered  the  case  of  dj'iianiic  pressures 
caused  by  streams  flowing  in  pipes,  conduits,  or  channels  of  any 
kind;  these  arc  sometimes  called  limited  or  bounded  streams, 
the  boundary  being  the  surfare  whose  cross-seclion  is  the  wetted 
perimeter.  When  such  a  stream  is  straight  and  of  uniform  sec- 
tion, and  all  its  filaments  move  with  the  same  velocity  v,  the  im- 
pulse, or  the  pressure  which  it  can  produce,  b  the  quantity  F 
given  hy  the  general  expression  in  Art.  152 ;  under  these  conditions 
it  exerts  no  dynamic  pressure,  but  if  a  body  be  immersed  and 


held  stationary,  pressure  is  produced  upon  it.  If  its  direction 
changes  in  an  elbow  or  bend,  pressure  upon  the  bounding  surface 
is  produced;  if  its  cros»~section  increases  or  decreases,  pressure 
is  develojred  or  absorbed. 

The  resultant  dynamic  pressure  P'  upon  a  curved  pipe  which 
runs  full  of  water  with  the  uniform  velocity  v  depends  upon  the 
angle  0  between  the  initial  and  final  directions,  and  must  be  the 
same  as  that  produced  upon  a  surface  by  an  impinging  jet  which 
passes  over  it  without  change  in  velocity.  The  formula  of  Art. 
then  directly  applies,  and 


i 


P'  =  2  sinje  ■F=2  an§(9  ■  W\ 

a 


a  0  =  o".  there  is  no  bend,  and  P'  =  o;  if  S  =  iSo°,  the  direc- 
tion of  flow  is  reversed,  and  P'  =  iP.  If  the  direction  is  twice 
reversed,  as  at  C  in  Fig.  I56a,  the  value  of  $  is  360°,  and  the  re- 
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sultant  is  the  initial  iinpiilse  F  minus  the  final  reaction  F,  or  sir 
Zero ;  in  this  case,  however,  there  may  be  a  couple  which  IcmJa 
to  twist  the  pipe,  unless  the  impulse  and  reaction  lie  in  the  s&me 
strtiight  line. 

The  dynamic  pressure  developed  In  a  unit  of  length  of  the  cun-e 
will  now  be  foun<l.  Let  the  pipe  at  A  in  I-'ig.  loGd  have  the  Icngtll 
U,  and  let  6  be  nearly  o",  sa  that  its  value  is  the  elenienlary  alible 
S$.  Then  in  the  above  fonnula  P'  becomes  the  demcntary  radial 
pressure  £/*i,  and 

Now  since  80  =  Sl/R,  where  R  h  tlie  mdius  of  the  curve,  the  dynamic 
pressure  developed  in  the  distance  H  \s  FU  R.  and  that  For  a  unit  of 
length  is  F/R.    .Accordingly,  by  Art.  153,  this  pressure  is 

p  _  y  _  Jif  ti  r*_ 
R      R  7g 

The  unit-pressure  p'  is  found  by  dividing  Pi  by  a,  and  the 
ing  head  hi  is  found  by  dividing  p'  by  w;  hence 

P-  =  1^^  and  k,^l^ 

R    2g  R2g 


fl 


are  the  \'aiues  for  one  unit  of  length  of  the  curve.  The  dyiuntic 
pressure- head  Ai  is  devclotxil  in  every  unit  of  leitftth  of  the  pi|>e.  It 
is  not  known  hovr  these  inHuence  the  stulic  pressure  or  how  they  aflcet 
piezometers.  Nor  U  it  known  whether  they  combine  so  thai  the  dy- 
namic pressure  becomes  greater  with  the  distance  from  the  be^nniox 
of  the  curve.  Undoubtedly,  however,  a  part  of  A)  is  expended  in 
camming  cniK-rurrents  whervby  impact  results  and  some  of  the  static 
head  is  lost.  This  loss  should  be  proportional  to  hi  and  proportional 
to  the  length  /  of  the  curve,  or,  if  d  h  the  <ltameter  of  the  ptj>e, 


dig 


'/i 
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in  which  the  curvature  factor/,  depends  upon  the  ratio  Rfd.  Tto 
investigation  apjiears  to  indicate  that  pipes  of  the  same  diameter  aad 
of  different  curvatures  give  ihc  same  loss  of  head,  if  the  central  anicfe 
is  the  same ;  but,  a-i  seen  in  .\rt.  91 ,  certain  exi>erinient*  stem  to  point 
to  the  conclusion  that  the  loss  per  linear  imit  is  greatest  in  the  pV^ 
having  the  longest  radius. 
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The  same  reasoning  applies  approximately  to  the  curves  of 
conduits,  canals,  and  ri\XTE,  In  any  length  /  there  exists  a  radial 
dynamic  pressure  Pi.  acting  toward  the  outer  bank  and  causing 
currents  in  that  direction,  which,  in  connection  with  the  greater 
velocity  that  naturally  there  exists,  tends  lo  deepen  the  channel 
on  that  side.  This  may  help  to  explain  the  reason  why  rivers  n:n 
in  winding  courses.  At  first  the  curve  may  bt;  slight,  but  the 
radial  flow  due  to  the  dynamic 
pressure  causes  the  outer  bank 
to  scour  away ;  this  increases 
tlic  velocity  Vt  :ind  decreases  i^i 
(Fig.  1566),  and  this  in  turn 
hastens  the  scour  on  the  outer 
and  allows  material  to  be  de- 
posited on  the  inner  side.  Tlius 
the  process  continues  until  9. 
state  of  permanency  is  reached, 
and  then  the  existing  forces  tend  to  maintain  the  cur\-e.  Tlie 
cross-currents  which  the  radial  pressure  produces  have  been 
actually  seen  in  experiments  devised  by  Thomson,*  and  it  isj 
found  that  they  move  in  the  manner  shown  in  the  above  figure, 
the  motion  toward  the  outer  hank  being  in  the  upper  part  of  the 
section,  while  along  the  wetted  perimeter  they  flow  toward  the 
inner  bank.  Wlien  the  slope  is  small  and  the  mean  velocity 
low,  the  influence  of  the  cross-currents  is  relatively  greater  than 
for  higher  slopes,  and  this  is  probably  one  of  the  reasons  why 
the  sharpest  cur\'cs  arc  found  in  streams  of  slight  sIo()c.  Per- 
haps another  reason  for  this  is  that  at  very  low  velocities  the  law 
of  flow  is  (iiffcrcnt,  the  head  varying  as  the  first  power  of  the 
velodty  (Art.  12-I). 

Tlic  clcvatinn  of  the  water  on  the  outer  bank  of  a  bend  is 
higher  than  on  the  inner.  This  is  only  a  partial  consequence  of 
the  radial  dynamic  pressure,  as  in  straight  streams  it  is  also  seen 
that  the  water  surface  is  cur\'cd.  the  highest  elevation  being  where 
the  velodty  is  greatest.     In  this  case  cross-currents  are  also  ob- 


*  Procoedingn  RoyiU  Sodety  of  L.i»)daii,  187$,  p.  jjfi. 
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served  whidi  move  near '  the  surface  toward  the  center  of  Ik 
stream,  and  near  the  bottom  toward  the  banks^  their  molia 
bemg  due  to  the  disturbance  of  the  static  presBure  coiBeqieil 
upon  the  varyii^  water  level. 

Prob.  156.  The  mean  vdodty  in  a  pipe  ii  9  feet  per  sboodtL  n  it  be 
laid  on  a  curve  of  3  feet  radius,  show  that  the  dynamic  pamuntttd  fat 
each  foot  in  length  of  the  [upe  is  0.84  feet  If  the  ladius  cf  thecitnebet 
feet,  what  is  the  dynamic  presaure-head  ?  What  is  the  dynamic 
head  for  eadi  case  when  the  mean  vdodty  i>  3  feet  per  Mcond  ? 

Akt.  157.    Waiek  Hakhkr  m  Pipes 

When  a  valve  in  a  pipe  is  dosed  iriiile  the  water  is  flowing, 
the  A'elocity  of  the  water  is  retarded  as  the  valve  descends,  and 
thus  a  djiuunic  pressure  is  produced.  When  the  valve  is  doted 
quickly,  this  dynamic  pressure  may  be  much  greater  than  that  due 
to  the  static  pressure,  and  it  is  then  called  "water  hammer"  ot 
"water  ram."  Pipes  have  often  been  known  to  burat  under  this 
cause,  and  hence  the  determination  of  the  maTirrniTt^  dynamic 
pressure  of  the  water  hammer  is  a  matter  of  in^xntanoe.  Fig. 
157<i  illustrates  the  phenomena  of  water  hammer  for  the  dosing 
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Fig.  157b. 


of  ii  valve  at  the  end  of  a.  pipe  where  the  water  issues  throu^  a 
nozzli'.  At  the  entrance  there  is  supposed  to  be  a  gage  which 
rogistfrs  the  static  unit-pressure  ^i  while  the  flow  is  in  progress, 
ami  the  static  unit-pressure  pt  when  there  is  no  flow.  The  ab- 
siWas  represent  time,  and  at  B  the  valve  begins  to  dose.  After 
a  short  inter\-al  of  time  BC  the  gage  registers  the  unit-pressure 
Cc ;  after  another  short  interval  the  unit-pressure  has  decreased 
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and  a  series  of  oscillations  fnliows  until  finally  the  dis- 
irbancc  ceases.  A  diagram  of  this  kind  may  be  aulographically 
'awn  by  suitable  mechanism  connected  with  the  pressure  gage, 
id  such  were  made  in  the  experiments  conducted  by  Carpenter,* 
^Iso  in  those  of  Fletcher,  f 

n«t  p  represent  the  excess  of  maximum  dynamic  umt-prcssurc 
rcr  the  static  unit-pressure  when  there  is  no  flow ;  that  is,  the 
fTerence  of  the  ordinatcs  Cc  and  Ee.  This  is  the  excess  unit- 
:cssurc  due  to  the  water  hammer,  and  it  is  required  to  determine 
\  expression  for  its  v^mq.  It  is  first  to  be  noted  that  the  actual 
imamic  unit-pressure  produced  by  the  retardation  of  the  veloc- 
jT  is  the  diiTerenrc  of  the  ordinatcs  Cc  and  Bh  and  this  difference 
P  "¥  Pa  -  Pi,  or  simply  /*  +  fo  when  there  is  no  unit-pressure 
bile  the  flow  is  in  progress;  let  this  be  denoted  by  5.  Let 
be  the  area  of  cross-section  of  the  pipe,  of  the  weight  of  a 
ibic  umt  of  water,  /'  a  short  length  of  the  pipe,  and  v  the 
dodty  of  the  water  diuing  the  flow.  The  kinetic  energy 
I  the  water  in  motion  is  wi/V/ig.  When  this  water  is  brought 
rest  under  the  unit  stress  S,  its  stress  encrg)'  J  is  nl'S'/xE, 
be  the  modulus  of  elasticity  of  the  water  (Art.  5).  Sup- 
alt  the  kinetic  energy  to  be  expended  in  stress  energj-, 
|5c  expressions  are  equal,  whence  S  =  viEw/g)\  or 

p  =  v{Ew/g)*  +  p,  -  po  (157)  1 

is  the  formula  for  the  maximum  excess  imit-pressure 
[the  static  pressure  when  there  is  no  flow  in  the  pipe. 

time  /  which  elapses  between  the  instant  when  the  valve 

to  close  and  the  instant  when  this  pressure  p  is  felt  at 

must  be  equal  to  or  less  than  2l/u,  where  I  is  the  length 

I IMJJC  and  H  is  the  velocity  of  sound  in  water.    For  the 

/u  must  elapse  after  the  valve  begins  to  close  before  the 

k-  begins  to  be  checked  at  the  upper  end  of  the  pipe,  and 

!ier  time  of  l/u  must  elapse  before  the  pressure  can  be 

Itted  back  to  the  valve.     Hence  the  pressure  at  the  valve 

builiuM  Amttkaa  SiKJciy  ol  Mnhank-Al  EnBitiecn,  iSg4,  rol.  t$. 
Incctiag  New*,  1898,  vo\.  30.  p.  jij. 
-iman't  Mcdiuilcs  nt  MBtctial*  <Nev  York,  1Q05),  p.  3«tf. 
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is  leas  than  that  given  by  (157)i  when  tht-  vaJvc  closes  in  a  time 
greater  than  2l/u.  '["he  velocity  ur  for  water  is  about  4670 
feet  per  second  (Art,  5). 

When  p  is  in  teet  per  second,  and  p,t,  pi,  and  p  arc  in  poundi 
per  square  inch,  the  above  formula  bceomvs 

^  =  63f  -f^  ^  (157), 

vhich  applies  when  the  valve  is  closed  in  a  time  equal  to  or 
less  than  il/u.  To  prevent  the  elTects  of  water  hammer  it  it 
customary  to  arrange  vaivcs  so  that  the  time  of  closing  is  greater 
than  2//m. 

The  elaborate  etperiments  of  Joukowslty  at  Moscow  in  1898  • 

have  fully  confiiracd  the  truth  of  Torrniila  (IST^tT^Horiaoolil 
pipes  of  3,  4,  and  6  inches  diameter,  with  lengths  of  3494,  icjo, 
and  1066  feet,  were  used,  and  the  valve  at  the  end  was  dowd  b 
0.03  seconds.  Ten  autographic  recording  gages  were  placed  along 
the  length  of  a  pipe,  and  it  was  found  that  substantially  the  sanw 
dynamic  pressure  was  produced  at  each,  but  that  the  lime  Icngtb 
of  a  wave  was  the  shorter  the  farther  the  distance  of  a  gage  froD 
the  valve;  this  wave  IcnRth  is  shown  in  the  al>ove  Agurc  by  the 
distance  BD.    The  fnllrnving  is  a  comparison  of  the  observed  vahu* 
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d  p  +  po  —  Pi  ioT  n  few  of  these  experiments  with  the  values  co«»- 
putcd  from  (157)*.  It  is  seen  that  the  ol)ser\'e<I  are  less  than  tk 
computed  values  except  in  one  instance,  and  Joukowsky  conduite 
that,  owing  to  the  influence  of  the  metal  of  the  pit>es.  the  velocitjf 
»  with  which  stress  is  transmitted  in  the  water  is  about  4*00  tnstttd 

*  SlOM  In  Wniwcrlatiintiirtihrcn,  S(.  PrlrnburK,  1900.    Tnuutilkn  tMB 
the  Mcmoira  of  Uic  St.  Potenburi;  Xcademy  of  SdcBoet. 
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of  4670  feet  [>cr  sccoikI.    This  conclusion  may  be  apjilicd  in  practice 
by  using  591  instead  of  635  in  (157)2- 

In  computing  the  thickness  of  water  pipes  it  is  customary  to 
add  too  pounds  per  square  inch  to  the  static  pressure  in  order  to 
allow  for  the  influence  of  water  hammer.  This  is  equivalent,  if 
pt  is  iCTO,  to  making  po  +  100  equivalriit  to  ^31';  when  n  is  3  feel 
per  second,  then  />□  is  89  iwunds  per  square  inch.  Since  lbe»e 
values  of  V  and  p  arc  larger  than  the  usual  ones  for  a  dty  water 
iup|)ly,  the  customary  practice  is  on  llic  safe  side  for  this  case, 
but  it  would  not  give  sufficient  security  for  the  high  velodtios 
often  used  in  pipe  lines  (or  power  plants.  When  a  wave  of  dy- 
namic pressure  travels  toward  a  dead  end  of  a  |)iix;,  the  water  ham- 
mer at  that  end  may  be  two  or  three  times  as  great  as  the  maximum 
pressure  given  by  the  formula. 

In  tlic  above  110  consideration  has  been  given  to  the  energy 
expended  in  stretching  the  metal  of  the  pipe.  Let  d  be  the 
diameter  and  b  the  thickness  of  the  pipe;  llie  volume  of  metal 
in  a  length  /'  is  then  closely  irdW,  the  tensile  unit-streas  in 
this  is  Sd/2b  (Art.  16)  and  the  stress  energ)'  is  wdbl'{Sd/\bY/iEi . 
where  E\  is  the  modulus  of  elasticity  of  the  metal.  Adding  this 
to  the  stress  energy  above  found  for  the  water,  equating  the 
sum  to  the  kinetic  energy,  and  noting  that  ii  =  J»i.-,  there  ia 
found  a  value  of  S,  from  which 


Bwfg 


+  Pi-P^ 


(157), 


'!  +  (£/£,)  (rf/6) 
as  was  first  shown  by  Frizell,*  and  Uiis  gives  a  smaUer  value  of 
p  than  (157)1.  For  example  let  a  cast-iron  pipe  be  24  inches 
in  diameter  and  0.9  inch  thick;  here 

Ef'E\  =  300000./15  000000  =  1/50 
and  dfb  =  14/0.9  =>  27,  so  that  in  (157)3  the  number  63  is  to 
be  replaced  by  51.  There  is,  however,  some  uncertainty 
regarding  the  transmission  of  stress  through  pipe  joints,  and 
hence  it  is  well  to  regard  (t57)z  as  a  limit  which  may  be  ap- 
proached but  ne\'er  be  exceeded. 

A  surge  tank  or  stand-pipe  is  a  vertical,  <^>cn  cyhnder 
cotinecied  near  the  gate  of  a  power  plant,  witli  the  feeding  fwpe 

*Ti»UM<tiuu»  .Viucriuui  Sixicty  Civil  Euj^muun,  I'i^,  p.  t. 
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T&es.  :±K  jaGe  is  quickly  closed  the  wafer  rises 

:;3.  -p^nmi  oi  expending  its  energy  in  cauan; 

E.  157,        Tae  kinetic  energy  of  the  water  in  the 

mii  area  <i  is  aufii^/ag.     When  the  gste 

£  i=  ia>  vstical  surge  tank  to  a  height  k\ 

,;— 1.  isl:  D  its  diameter,  then  the  wei^t 


or 


^t    -iiKC- 


nt.  i5T«. 


wt^c  W,  so  that  iwAfe'  is  the  energy  of 
.^.z£  -Juse  two  energies  there  is  found 
h  =  vid/D)Vl/^ 
Friction  is  here  neglected,  and  in 
_».».ii  >i  'JK  phenomena  in  the  surge  tank  is 
.e?t^  based  on  the  above  formula  would 
_.    <is\.^  iriction  and  foam  will  decrease  the 
•^  -4;r5«;.     From  this  formula  the  diameter 
,:,.«,<>-  iMO.  the  height  k  is  given. 

.»!i  .up  must   have  that  top  higher  than 

I    -syvyiT.  .T  dse  overflow  will  occur  when  the 

^.      vrr«ji  ;-r»3imstances  do  not  allow  a  tank  of 

_:       .,r..j»ilBi  "■  differential  surge  tank  "  having 

safc"    rie  surge  tank,  or  stand-pipe,  as  it  is 

..j^   (^   ao.^  purpose  of  furnishing  a  supply 

^  ,,A,>^*  iTun  Upon,  and  of  preventing  sudden 

__^^j^j,.H^Kj5iR.iiloadon  the  wheels. 

.^  A  viml  Engineers,  1915,  vol.  78,  p.  760. 
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frob.  J!>7a.  Thu  pressure-tieitd  al  the  tntnuice  to  n  noxilc  is  ijo  feet 
when  there  is  no  flow  anil  50  tect  when  ihc  water  is  flowing.  The  i)i|«: 
is  1 500  feel  long  ami  the  velocity  in  it  is  4,3  feet  per  second  when  the  nozzic 
is  in  operation.     Compute  the  maximum  excess  dynamic  pressure, 

Pfob.  1574.  A  turbine  operating  under  a  total  head  of  50  feet  dis- 
cbargex  100  cubic  feet  per  wcond.  The  penstock  or  feedinn  pipe  is  6  feet 
ill  diameter  and  ili>  lmf[lh  is  1000  feel.  If  ihc  diameter  of  the  surge  tank 
ii  lu  b«  miulc  18  lect.  Und  the  height  of  hi  top  above  the  rcxcrvoJr  level. 


Art.  158.     Moving  Vanks 

A  vane  is  a  plane  or  curved  surface  which  moves  in  a  given 
direction  under  the  dynamic  pressure  exerted  bj'  an  impinging 
jct  or  stream.  The  direction  of  the  motion  of  ihc  vane  depends 
upon  the  conditions  of  its  construction ;  for  example,  the  vanes 
of  a  water  wheel  can  only  move  in  a  circumference  around  its  asis. 
The  simplest  case  for  consideration,  however,  b  that  where  the 
motion  is  in  a  straight  line,  and  this  alone  will  be  considered  in 
this  article.  The  plane  of  the  stream  and  vane  is  to  be  taken  as 
horizontal,  so  thai  no  direct  action  of  gravity  can  influence  the 
action  of  the  jet. 

I-et  a  jet  with  the  vclodty  v  impinge  upon  a  vane  which  moves 
in  the  same  direction  with  the  velocity  a,  and  let  the  velocity  of 
the  jct  relative  to  the  surface  at  the  point 
of  exit  make  an  angle  j9  with  the  reverse 
direction  of  u,  as  shown  in  Fig.  138a. 
The  velocity  of  the  stream  relative  to  the 
surface  is  i*  —  m,  and  the  dynamic  pres- 
sure is  the  same  as  if  the  surface  were  at 
rest  and  the  stream  moving  with  the  ab- 
solute velocity  s  —  «.  Hence  formula  (lM)i  directly  applies, 
replacing  t  by  »  —  «  and  0  by  180°  —  /S,  and  the  dynamic  pres- 
sure is 


P  =  {i  +  co&&)W 


If  —  w 


In  this  formula  W  is  not  the  weight  of  the  water  which  issues  from 
the  nozzle,  but  that  which  strikes  and  leaves  the  vane,  or  W  =  wa 
(»  —  «);  for  under  the  condition  here  supposed  the  vane  moves 
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continually  away  from  the  nosde,  and  hence  does  not  nam 

all  the  water  which  it  deliven. 

Another  method  of  ctedudng  the  last  equation  is  u  fcfiqn; 
At  the  ptHQt  of  exit  let  lines  be  drawn  representing  the  vckxitici 
V  —  M  and  u ;  then,  convicting  the  paralldognun,  the  line  d 
is  the  absolute  velocity  of  the  departing  jet  (Art  28).  Let  9  be 
the  angle  which  t>i  makes  with  the  direction  of  u,  and  fi  as  betbie 
the  angle  between  v  —  u  and  the  revose  diiectioa  of  «.-  Thea 
the  dynamic  pressure  on  the  vane  is  that  due  to  the  ibaidiite 
impulse  of  the  entering  and  departing  stieams :  the  foimer  of 
these  isW  -v/g  and  the  latter  is  W  •  »i  cosC/g.  Hence  the  result- 
ant dynamic  pressure  in  the  direction  of  the  motion  of  the  vine 
is  the  difTerence  of  these  impulses,  or 

g 

But  from  the  triangle  between  Vi  and  « 

»l  cos  ff  =«-(»  —  «)  C09^ 

Inserting  this,  the  value  of  the  dynamic  pressure  fa 

g 
which  is  the  same  as  that  found  before,  li  fi  =  180°,  there  fa  no 
pressure,  and  if  yS  =  0°,  the  stream  is  completely  reversed,  and 
P  attains  its  maximum  value.  The  dynamic  pressure  may  be 
exerted  with  different  intensities  upon  different  parts  of  the  vane, 
but  its  total  value  in  the  direction  of  the  motion  is  that  given 
by  the  formula. 

Usually  the  direction  of  the  motion  is  not  the  same  as  that  of 
the  jet.  This  case  is  shown  in  Fig.  158i,  where  the  arrow  marked 
F  designates  the  direction  of  the  impinging  jet,  and  that  marked 
P  the  direction  of  the  motion  of  the  vane,  «  being  the  angle  be- 
tween them.  The  jet  having  the  velocity  r  impinges  upon  the 
vane  at  A,  and  in  passing  over  it  exerts  a  dynamic  pressure  P 
which  causes  it  to  move  with  the  velocity  11.  At  A  let  lines  be 
drawn  representing  the  intensities  and  directions  of  v  and  u;  and 
let  the  parallelogram  of  velocities  be  formed  as  shown ;  the  line 
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V  then  represents  the  velocity  of  the  water  relative  to  the  vane 
at  A.  The  stream  [Kisses  over  the  surface  and  leaves  it  at  B 
with  the  same  relative  velocity  V,  if  not  retarded  by  friction  or 
foam.  At  B  let  lines  be  drawn 
to  represent  u  and  V,  aiid  let 
j3  be  the  angle  which  V  makes 
with  the  reverse  direction  of  « ; 
let  the  parallelogram  he  com- 
pleted, giving  ri  for  the  abso- 
lute velocity  of  the  departing 
water,  and  let  6  be  the  angle 
which  it  malces  with  u.  The 
total  pressure  in  the  direction 
of  the  motion  is  now  to  be  regarded  as  that  caused  by  the  com- 
ponents in  that  direction  of  the  initial  and  the  final  impulse  of 
the  water.  The  impulse  of  the  stream  before  striking  the  vane 
is  W  •  vl%  and  its  component  in  the  direction  of  the  motion  is 
W  ■  vcosa/^.  The  impulse  of  the  stream  as  it  leaves  the  vane 
is  W  ■  Pi/f  and  its  component  in  the  direction  of  the  motion  is 
W  •  t\  cosB/g.  The  difference  of  these  components  is  the  result- 
ant dynamic  pressure  in  the  given  direction,  or 

g 

This  is  a  general  formula  for  the  dynamic  pressure  in  any  given 
direction  upon  a  vane  moving  in  a  straight  line,  if  a.  and  B  be  the 
angles  between  that  direction  and  those  of  v  and  t^.  If  the  surface 
be  at  rest,  v  and  vi  arc  equal  and  the  formula  reduces  to  (I54)t. 

If  it  be  required  to  find  the  numerical  value  of  P,  the  given 
data  arc  the  velocities  v  and  u  and  the  angles  a  and  ^.  The  term 
Pi  cosB  is  hence  to  be  expressed  in  terms  of  these  quantities.  From 
the  triangle  at  B  between  I'l  and  u,  there  is  found 

Pj  costf  =  u—V  cosjS 

and  substituting  this,  the  formula  becomes 

.  11  cosa  —  u  +  K  cos^ 


(158) 


P^W' 


i 
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which  is  often  a  more  convenient  form  for  discussion.  Th« 
value  of  V  i&  found  from  the  triangle  at  A  between  u  and  t, 
thus:  K»  =  «'  +  »»-3ttrco5« 

and  hence  the  dynamic  pressure  P  is  fully  dctennined  in  tenns  of 
thegi%-en  data. 

In  order  that  the  stream  may  enter  tangentially  upon  the  vane, 

-and  thus  prevent  foam,  the  curve  of  the  vane  at  A  should  be  lao- 

Ijent  to  the  direction  of  V.    This  direction  can  be  found  by  a- 

pressing  the  angle  ^  in  terms  of  the  given  angle  «.    Thus  from 

the  relation  between  the  sides  and  angles  of  the  triangle  included 

between  u,  v,  and  V  there  is  found 

sin  (^  —  «[)/sin^  =  u/v 

which  is  easily  reduced  to  the  form 

cgt^-cot« ~ 

vsma 

from  which  <f>  can  be  computed  when  u,  t,  and  «  are  pf 
For  example,  if  w  be  equal  to  jf,  andif  «  be  30°  then  cot  ^  iso.' 
whence  the  angle  4'  should  be  53!°,  in  order  that  the  jet  may  enter 
without  impact.  If  the  angle  made  by  the  vane  with  the  direc- 
tion of  motion  be  greater  or  less  than  ihis  value,  some  loss  due  to 
impart  will  result  at  the  given  .speed. 

Prob.  158.  Given  u  -  86.6  and  o  -  100.0  feci  per  scconil,  and  «  =  jo*. 
What  should  be  ihe  value  of  ihe  angle  ip  iii  order  that  no  loss  by  impact 
may  occur?    Draw  the  para-lldogrjra  thawing  the  vdodties  •),  v,  aod  V. 

Art.  150.    Work  derived  from  Movino  Vanes 

The  work  imparted  to  a  tnoWng  vane  by  the  energy  of  the 
impinging  water  is  equal  to  the  pn»duct  of  the  dynamic  pres.<>ure 
P,  which  is  exerted  in  the  direction  of  the  motion  and  the  space 
through  which  it  moves.  If  u  be  the  .space  described  in  one 
second,  or  the  velocity  of  the  vane,  the  work  per  second  is 

k  =  Pu 

This  cxpreftsion  is  now  (o  be  discussed  in  order  to  dclcmiinc  the 
value  of  M  which  makes  k  a  maximum. 


Work  (lrriv«<l  from  Moving  Vanes.     jVtI.  169         42L 


rrth^  vane  moves  in  u  struighl  line  in  the  same  direction 
as  the ImpiiiKinf;  jet  and  the  water  enters  it  tangcntialty,  as  shown 
in  Fig.  I54i,  the  work  imparled  is  found  by  inserting  for  P  its 
value  from  (I54)i,  If  a  be  the  area  of  the  cross-section  of  the  jet 
and  ill  the  weight  of  a  cubic  unit  of  water,  the  weight  \V  is  wa 
(r  —  ji),  and  then 

The  value  of  ti  which  renders  k  a  maximum  is  obtained  by 
I      equating  to  zero  the  derivative  of  k  with  respect  to  u,  or 


|^  =  (i+cos^)^(!^-4W«+3»")  =  o 
from  which  the  value  of  «  is  iv,  and  accordingly 


k  =  A(i+cos^)wa  — 

2g 


is  the  maximum  work  that  can  be  done  by  the  vane  in  one 
second.     The  theoretic  energy  of  the  impinging  jet  is 

H  3g 

and  the  efficiency  of  the  vane  is  the  ratio  of  the  effective  work 
of  the  vane  to  the  theoretic  energy  of  the  water,  or 
e  =  */S-oj'V(i+cosjS) 

If  /3  =  i8o*,  the  jet  glides  along  the  vane  without  producing  work 
and  e  =  o;  if  ^  =  qo°.  the  water  departs  from  the  vane  normal 
to  its  original  direction  and  e  =  a\ ;  if  /3  =  o°  the  direction  of  the 
stream  is  reversed  and  e  =  ^^.  ' 

It  appears  from  the  above  that  the  greatest  efficiency  which  can 
be  obtalneil  by  a  vane  niovins  in  a  straight  line  under  the  impulse 
of  a  jet  of  water  is  f  ? ;  that  is.  the  effective  work  i.s  only  alwut  50  per- 
cent of  the  theoretic  energy  attainable.  This  is  due  to  two  causes : 
first ,  tiie  quantity  of  water  which  reaches  and  leaves  the  vane  per  second 
is  less  than  that  furnished  by  the  nozzle  or  mouthpiece  from  which  the 
water  issues;  and,  secondly,  the  water  leaving  the  vane  stilt  has  an 
Jiljsolute  velocity  of  iv.  A  vane  moving  in  a  straight  line  is  therefore 
a  poor  arrangement  for  utilizing  energy,  and  it  will  also  be  seen  upon 
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reflection  that  it  would  be  impossible  to  construct  a  motor  in  which  a 
vane  would  move  continually  in  the  same  dir(;ctLon  away  from  a  fiid 
nozzle.  Tlie  above  discussion  therefore  gives  but  a  rude  appronma- 
tiontothe  results  obtainable  under  practical  conditions.  It  sIioh-s 
tnjy,  however,  that  the  efficiency  of  a  jet  which  is  deflected  nornnily 
from  its  path  is  bat  one-half  of  that  tJrtainaMe  «liai  a  eaa^Ut 
reversal  of  direction  is  made.  '  ^ 

Water  wheeb  which  act  under  the  impube  ol »  jetcoiMht  ct 
a  series  of  vanes  arranged  around  a  drcumfeienoe  ivliidi  bjr  ^ 
motion  are  brought  in  succession  be£(»e  the  Jet.  In  thfecaaedie 
quantity  of  water  which  leaves  the  wheel  per  second  b'the  aaite 
as  that  which  enters  it,  so  that  W  does  not  depcaid  on  the  velocity 
of  the  vanes,  as  in  the  preceding  case,  but  is  a  constant  iriuse 
value  is  wq,  where  9  is  the  quandty  furnished  pa:  Becood.  A  dose 
estimate  of  the  efficiency  of  a  series  cd  such  vanes  can  be  made 
by  considering  a  sin^e  vane  and  taking  IF  as  a  ooostast  The 
water  is  supposed  to  impinge  tangentiatly  and  the  vane  to  move 
in  the  same  line  of  direction  as  the  jet  (Fig.  IGSa).  Then  the 
work  which  is  imparted  in  one  second  by  the  water  to  the  mov- 
ing vane  is  r        \    ' 

g 

This  becomes  zero  when  1*  =  o  or  when  «  —  r,  and  it  is  a  maxi- 
mum when  «  =  i»,  or  when  the  vane  moves  with  one-half  the 
velocity  of  the  jet.    Inserting  this  value  of  «, 

i  =  J(i  +  cos5)W - 
ig 

and,  dividing  this  by  the  theoretic  energy  of  the  jet,  the  effi- 
ciency of  the  vane  is  found  to  be 

e  =  J(i+cos;9) 

When  0  =  180°,  the  jet  merely  glides  along  the  surface  without 
performing  work  and  e  =  o;  when  (9  =  90°,  the  jet  is  deflected 
normally  to  the  direction  of  the  motion  and  c  =■  J ;  when  0  =  0°, 
a  complete  reversal  of  direction  is  obtained  and  the  efficiency 
attains  its  maximum  value  e  =  i. 
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These  concluiiions  apply  closely  to  the  vanes  of  a  waler  wheel 
which  are  so  shaped  that  the  water  enltrs  upon  Ihcm  tangentklty 
in  the  direction  of  the  motion.  If  the  vanes  are  plane  radial 
surfaces,  as  in  simpit;  paddle  wheels,  the  water  passes  away  nor- 
mally to  the  circumference,  and  the  highest  obtainable  efficiency 
is  about  so  percent.  If  the  vants  are  curved  backward,  the  effi- 
ciency becomes  greater,  and,  neglecting  losses  in  impact  and  fric- 
tion, it  might  be  made  nearly  unity,  and  the  entire  energy  of  the 
stream  be  realized,  if  the  water  could  both  enter  and  leave  the 
vanes  in  a.  direction  tangential  to  the  drcumfercnce.  The  in- 
vestigation shows  that  this  is  due  to  the  fact  that  the  water  leaves 
the  vanes  without  velocity;  for,  as  the  advantageous  velocity 
of  the  vane  is  Jr,  the  water  upon  its  surface  ha.s  the  relative 
velocity  p  —  1?  "=  ir;  then,  if  ^  =  o",  its  absolute  velocity  as 
it  leaves  the  vane  is  in  —  Jc  =  o.  If  the  velocity  of  the  vanes 
is  less  or  greater  than  half  the  velocity  of  the  Jet,  the  eflicienty 
is  lessened,  although  slight  variations  from  the  advantageous 
velocity  do  not  practically  ioBuence  the  value  of  e. 

Piob  159,  A  nuzzle  0.115  feet  in  diaraeter,  whose  coefficient  of  dis- 
charge is  o.QS-  delivers  water  under  a  head  of  8i  fe«l  againsi  n  scries  of  small 
vanes  on  a  c'rcumfcrencc  wfiosc  diameter  h  1S.5  feet.  Find  the  moat  o/d- 
vant-nipN^us  velocity  o[  rcvoliilion  of  the  circumference. 


Art.  160.     Revolving  Vanes 

When  vanes  are  attached  to  an  axis  around  which  they  move. 
as  is  the  case  in  water  wheels,  the  dynamic  pressure  which  is 
effective  in  causing  the  motion  is  that  tangential  to  the  circum- 
ferences of  revolution ;  or  at  any  given  point  this  elective  pres- 
sure is  normal  to  a  radius  drawn  from  the  point  to  the  axis.  In 
Fig.  ICO  are  shown  two  cases  of  a  rotating  vane ;  in  the  first  the 
water  passes  outward  or  away  from  the  axis,  anti  in  the  second  it 
passes  inward  or  toward  the  axis.  The  reasoning,  however,  is 
general  and  will  apply  to  both  cases.  At  A,  where  the  jet  enters 
upon  the  vane.  let  v  he  its  absolute  velocity,  V  its  velocity  rela- 
tive to  the  vane,  and  u  the  velocity  of  the  point  .-l  ;  draw  h  normal 
to  the  radius  r  and  construct  the  parallelogram  of  velocities  as 
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shown,  «  being  the  angle  between  the  directions  of  u  and  v.  and 
■^  that  between  u  and  l'.  At  li,  where  the  water  leaves  the  vaue, 
let  Ui  be  the  velocity  of  that  point  normal  to  the  radiits  ri,  and  Vi 
the  velocity  of  the  water  relative  to  the  vaae ;  then  constniding 


r>f.iea 


the  parallelogram,  the  resultant  of  wi  and  Vi  is  Vi,  the  absolute 
velocity  of  the  departing  water.  Let  ff  be  the  angle  between  Vi 
and  the  reverse  direction  of  mi.  and  6  be  the  angle  between  the 
directions  of  vi  and  mj. 

The  total  dynamic  pressure  exerted  in  the  direction  of  the 
motion  will  depend  upon  the  values  of  the  impulse  of  the  entering 
and  dqmrling  streams.  Tlit-  absoiufe  impulse  of  the  water  before 
entering  is  W  ■  v/g,  and  that  of  the  water  after  leaving  is  W  ■  p|/j, 
Let  the  components  of  these  in  the  directions  of  the  rhotion  of 
the  vane  at  entrance  and  departure  be  designated  by  P  and  Pt ; 
then 


P  =  W 


PCOS« 


e 


g 


These,  howc%-er,  cannot  be  subtracted  to  give  the  resultant  dy- 
namic pressure,  as  was  done  in  the  case  of  motion  in  a  straight 
line,  because  their  directions  are  not  parallel,  and  the  velocities 
of  their  points  of  application  are  not  equal.  The  resultant  dy- 
namic pressure  is  not  important  in  cases  of  this  kind,  but  the 
abo\'e  values  will  prove  useful  in  the  next  article  in  investigating 
the  work  iJiul  can  be  delivered  by  the  vane. 
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If  «  be  the  number  of  revolutions  around  the  axis  in  one  sec- 
ond, Uie  velocities  w  and  »]  arc 

u  =  2irrn         u\  =  2-irrin 

and  accordingly  the  relation  obtains 

«i/»  =  Ti/r        or        U\r  =  uri 

which  shows  that  the  velocities  of  the  points  of  entrance  and  exit 
are  directly  proportional  to  their  distances  from  the  axis.  If  r 
and  fi  are  infinity,  hi  equals  Ui  and  the  case  is  that  of  motion  in 
a  straight  line  as  discussed  in  Art.  158. 

The  relative  velocities  Vi  and  V  are  connected  with  the  veloc- 
ities of  rotation  ai  and  «  by  a  simple  relation.  To  deduce  it, 
imagine  an  observer  standing  on  the  outward-flow  vane  and 
moving  with  it ;  he  sees  a  particle  of  weight  w  at  A  which  to  him 
appears  to  have  the  velocity  V,  while  the  same  particle  at  B 
appears  to  have  the  velocity  Vi ;  the  difference  of  their  kinetic 
energies,  or  u'iVi*  —  V^)/2g,  is  the  apparent  gain  of  the  wheel- 
energy-  Again,  consider  an  observer  standing  on  the  earth  and 
looking  down  upon  the  vane ;  from  his  point  of  %'icw  the  energy 
gained  is  u'(ui*  —  u*)/2g.  Now  these  two  expressions  for  the 
gain  of  the  wheel  in  energy  must  be  equal,  or 

V,»-r'  =  tt,*-«'  (160) 

and  this  is  the  fonnula  by  which  Vi  is  to  be  computed  when  V 
and  the  velocities  of  rotation  are  known.  The  same  reasoning 
applies  to  the  inward-flow  \'ane  by  using  the  word  "  loss  "  instead 
of  "gain,"  and  the  same  fonnula  results. 

The  gjven  data  for  a  revolving  vane  are  the  angles  ^  and  0, 
the  radii  r  and  ri,  the  velocity  v,  the  number  of  revolutions  per 
second,  and  the  weight  of  water  delivered  to  the  vane  per  second. 
The  value  of  v  cosu.  and  hence  that  of  Pi,  is  immediately  known. 
From  ihc  speed  of  revolution  the  velocities  ti  and  Wi  are  found. 
The  relative  velocity  V  is,  from  the  triangle  between  u  and  v, 

and  by  (160)  the  relative 


dodty  K|  is  th 
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Lastly,  the  value  of  t>i  cost?,  from  the  trian^e  between  Si  ud 

^i''^  Vicoae-Ui-Vicoaff 

and  accordingly  the  values  of  the  dynamic  pressures  P  and  Pi  an 
fully  determined.  Numerical  values  of  these,  however,  are  never 
needed,  but  the  work  due  to  them  is  of  much  importance,  as  «fll 
be  explained  in  the  next  article. 

I^b.  160.  Given  r  -  a  feet ,  r,  -  3  feet,  a  -  45°,  ^  -  90",  t  -  no 
feet  per  second,  and  m  ■■  6  icvalutioiii  per  McODd.  Compute  the  vdodtia 
«,  «i,  V,  and  Vi. 

Art.  161.    Work  derived  tkou  REVOLViNa  Vanes 

The  investigation  in  Art  159  on  the  work  and  effideocy  of 
a  revolving  vane  supposes  that  all  its  points  move  with  the  same 
velocity,  and  that  the  water  enters  upon  it  in  the  same  directioD 
as  that  of  its  motion,  or  that  a  ~  o.  Hus  cannot  in  gener^  be 
the  case  in  water  motors,  as  then  the  jet  would  be  tangoitial  to 
the  circumference  and  no  water  could  enter.  To  con^der  the 
subject  further  the  reasoning  of  the  last  article  will  be  continued, 
and,  using  the  same  notation,  it  will  be  plain  that  the  work  of  a 
series  of  vanes  arranged  around  a  wheel  may  be  regarded  as  that 
due  to  the  impulse  of  the  entering  stream  in  the  direction  of  the 
motion  around  the  axis  minus  that  due  to  the  impulse  of  the  de- 
parting stream  in  the  same  direction,  or 

k=-Pu~PiUi 

Here  P  and  Pi  are  the  pressures  due  to  the  impulse  at  A  and 
B  (Fig.  160),  and  inserting  their  values  as  found, 

t  -  ty  W  COSDt  -  H|Pi  cosfl  flRll 

i 
This  is  a  general  formula  applicable  to  the  work  of  all  wheels  of 
outward  or  inward  flow,  and  it  is  seen  that  the  useful  work  k 
consists  of  two  parts,  one  due  to  the  entering  and  the  other  to 
the  departing  stream. 

Another  general  expression  for  the  work  of  a  series  of  vanes 
may  be  established  as  follows :  Let  v  and  Pi  be  the  absolute  veloc- 
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tics  of  the  entering  and  departing  water ;  the  theoretic  energy 
>i  this  wutcr  is  W  ■  i^,/sg,  and  when  it  leaves  the  wheel  it  still 
las  the  energy  W  •  Vi^/ig.  Neglecting  losses  of  energ\'  in  impact 
UKJ  friction  the  work  that  can  be  derived  from  the  wheel  is 


*  =  pr*- 


3g 


(161), 


This  is  a  formula  of  equal  generality  with  the  preceding,  and  b'ke 
t  is  applicable  to  all  cases  of  the  conversion  of  energy  into  work 
>y  means  of  impulse  or  reaction.  In  both  formulas,  however, 
he  plane  of  the  vane  is  supposed  to  be  horizontal,  so  that  no  fall 
iccurs  between  the  points  of  entrance  and  exit. 

Formula  (160)  may  be  demonstrated  in  another  way  by 
squatjng  the  values  of  k  in  the  preceding  formulas ;  thus 

UV  COS«  —  ttiPi  cosS  =  4  {zi*  —  f  1*) 

Now  from  Uie  triangle  at  A  between  u  and  v 

j,j=  K*  — K*  +  ainJCOS(i 

fcf^om  the  triangle  at  B  between  Ui  and  Vi 
i-l'  =  V|=  -  Ml'  +  3  KitJ,  cos^ 
Inserting  these  values  of  t'  and  ti'  the  equation  reduces  to 

This  shows  that  if  Mi  be  greater  tWn  u.  as  in  the  outward-flow 
Vane,  then  ('i  is  greater  than  1' ;  if  tti  is  less  than  u,  a»  in  an  in- 
*aid.8ow  vane,  then  V,  is  less  than  V. 


Fig.  leia. 


FiK.  leit. 


le  above  principles  will  now  be  applied  to  the  simple  case 
3f  an  outward-flow  wheel  driven  by  a  fixed  nozzle,  as  in  Fig.  161<i. 
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The  wheel  is  so  built  that  f  -  3feet,r»  -=  3  feet,  ■  -45',  #  =  90', 
and  fi  =  30°.  The  vdocity  of  the  water  issuing  from  the  nook 
is  V  =  100  feet  per  second,  and  the  discbarge  per  second  is  1.1 
cubic  feet.  It  is  required  to  find  the  work  of  the  wheel  and  the 
efficiency  when  its  speed  is  337-5  revoliltions  per  minute. 

The  theoretic  work  of  the  stream  per  second  is  the  wd^ 
delivered  per  second  multiplied  by  its  vdodty-head,  or 

k  =  62.5  X  3.2  X  0.01555  ^  '^  '  31  3^  foot-poimds 

which  gives  38.9  theoretic  horse-powers.  TTie  actual  work  of  the 
wheel,  neglecting  losses  in  foam  and  frictitm,  can  be  computed 
either  from  {161)ior  (161)i.  In  order  to  use  the  fijst  of  these, 
however,  the  velocities  u,  «i,  Oi,  and  the  angle  0  must  be  found, 
and  to  use  the  second,  ti  must  be  found ;  in  each  case  V  aMVi 
must  be  determined. 

The  velocities  m  and.  Ui  are  found  from  the  given  spttd  of 
5.625  revolutions  per  second,  thus : 

»=2   X3.1416XaX5.625"   70.71  feet  per  seomd; 
«i  =  1 J  X  70.71  ■-  106.06  feet  per  second. 

The  relative  velocity  V  at  the  point  of  entrance  is  found  from 
the  triangle  between  V  and  v,  which  in  this  case  is  right-angled; 

V  =  i'cos(0  — t()  =  pcos45°  =  70-71  f^t  Pfi'  second. 
The  relative  velocity  Vi  at  the  point  of  exit  b  found  from  the 
relation  (160),  which  gives  Fi  =  «i  »  106.06  feet  per  second. 
And  since  «,  and  Vi  are  equal,  Vi  bisects  the  angle  between  I'l 
and  Hi,  and  accordingly 

^  =  ^180"-^)=  75  degrees. 

The  value  of  the  absolute  velocity  Vi  then  is 

Pi  =  2  «i  cosfl  =  54.90  feet  per  second, 

and  Vi^/2g  is  the  velocity-head  lost  in  the  escaping  water.' 

The  work  of  the  wheel  per  second,  computed  either  from  (161)i 
or  (161)2,  is  now  found  to  be  i  =  14934  foot-pounds  or  17. i 
horse-powers,  and  hence  the  efficiency,  or  the  ratio  of  this  work 
to  the  theoretic  work,  is  e  =  0.699.     Thus  30.1  percent  of  the 
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energy  of  the  water  h  lost,  owing  to  the  fact  that  the  water  leaves 
the  wheel  with  such  a  liirge  absolute  velocity. 

In  tlii»  example  the  speed  given,  337.5  revolutions  per  minute, 
is  such  thut  the  directiun  of  the  relative  velocity  V  is  langL-nt  to  the 
vane  at  the  point  of  entrance.  For  any  other  speed  this  will  not  be 
the  case,  and  thus  work  w-llt  lie  lost  in  shock  and  foam.  It  is  observed 
aUo  that  the  approach  angle  u  is  one-huK  of  the  entrance  angle  ^ ; 
«-ith  this  arrangement  the  velocities  u  and  I'  are  equal,  as  also  W|  and 
Fi,  Had  the  angle  ,6  been  made  smaller  the  cffidcncyof  the  wheel 
would  have  been  higher. 

Prob.  161.  Compute  the  power  and  efficiency  for  the  above  example 
jf  thr  angle  0  lie  13°  iiuteud  of  30".     Explain  why  ^  caiuot  be  made  very 

Art.  162.    Revolvtng  TtmES 

The  water  which  glides  over  a  vane  can  never  be  under  static 
pressure,  but  when  two  vanes  are  placed  near  together  and  con- 
nected so  as  to  form  a  closed  tube,  there  may  exist  in  it  static 
pres-sure  if  the  tube  is  filled.  This  is  the  condition  in  turbine 
wheels,  where  a  number  of  such  tubes,  or  buckets,  are  placed 
around  an  axis  and  water  is  forced  through 
them  by  the  static  pressure  of  a  head,  Tlie 
work  in  this  case  is  done  by  the  dynamic 
pressure  exactly  as  in  vanes,  but  the  existence 
of  the  static  pressure  renders  the  investiga- 
tion more  difficult. 

The  simplest  instance  of  a  re\*olving  tube 
is  that  of  an  arm  attached  to  a  vessel  rotat- 
ing about  a  vertical  axis,  as  in  Fig.  162.  It 
Was  shown  in  Art.  29  that  the  water  surface  in 
this  case  assumes  the  form  of  a  paraboloid, 
and  if  no  discharge  occurs,  it  is  clear  that  the 
Static  pressures  at  any  two  points  B  and  A 
are  measured  by  the  pressure- heads  Hi  and  1/  rcdtoncd  upwards 
to  the  parabolic  curve,  and,  if  the  velocities  of  those  points  are 
Hi  and  II,  that  „,)  „» 

2g  H 
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f  suppise  an  orifice  to  be  opened  in  tte  end  of  the  tube  aad  the 
flow  to  occur,  while  al  the  same  time  the  revolution  is  continued. 
The  velocities  Fi  and  V  diminish  the  pressure-heads  so  that  the 
piezometric  line  is  no  longer  the  parabola,  but  some  curve  repre- 
sented by  the  lower  broken  line  in  the  figure.  Then,  according 
to  the  theorem  of  Art.  31,  that  pressure-head  plus  velocity-head 
remains  constant  during  steady  flow,  if  no  loss  of  energy  occur, 

Hi+^-'-^  =  B  +  ^~^  =  h  (162) 

in  which  ff  I  and  H  are  the  heads  due  to  the  actual  static  pressures. 
This  is  the  theorem  which  gives  the  relation  between  pressure- 
hnid.  \X'locity-hcad,  and  rotation-head  at  any  point  of  a  revolving 
tube  or  bucket.  If  the  tube  is  only  partly  full,  so  that  the  flow 
occurs  along  one  side,  like  that  of  a  stream  upon  a  vane,  then  there 
b  no  static  pressure,  and  the  formula  becomes  the  same  as  (160), 

An  apparatus  like  Fig.  162,  but  having  a  numbw  <rf  anfts  from 
wfakh  the  Sow  issues,  is  called  a  reaction  wheel,  unce  the  dynamic 
pleasure  which  causes  the  revolution  is  wholly  due  to  the  reacticm 
of  the  issuing  water.  To  investigate  it,  the  general  formula  (161)i 
may  be  used.  Making  «  =  o,  the  work  done  upon  the  wheel  by 
the  water  is 

^-\\r~  »lPl  COsg  _  ^y  «i  Vi  C03j3  -  Ml' 

s  '  s 

But  since  there  is  no  static  pressure  at  the  point  B,  the  value 
of  f,  is,  from  (162),  or  also  from  Art.  29, 

Fi=  VagA  +  tti* 

The  work  that  can  be  derived  from  the  wheel  now  is 


^  ^  ly  "t  COS  /SVagA-hWi'-Wi* 
g 
This  becomes  nothing  when  «i  =  o,  or  when  u^  =  2gh  cot'A 
luid  by  i^iuating  the  first  derivative  to  zero  it  is  found  that  i 
bevoui«»  a  maximum  when  the  velocity  is  given  by 

8Ul)9 
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Inserting  this  advantageous  velocity,  the  maximum  work  is 

k  =  Wh{i-s\nff) 
and  therefore  the  efficiency  i>I  the  reaction  wheel  Is 

e  =  I  —  sin^ 

When  ff  =  90",  both  Wi  and  e  become  o,  for  then  the  direction  of 
the  stream  is  normal  to  the  circumference  and  no  reaction  can 
occur  in  the  direction  of  revolution.  When  ^  =  o,  the  efficiency 
becomes  unity,  but  the  velocity  »i  becomes  infinity.  In  the 
reaction  wheel,  therefore,  high  clViciency  can  only  be  secured  by 
making  the  direction  of  the  is^suing  water  directly  opposite  to  that 
0/  the  revolution,  and  by  having  the  speed  very  great.  If  (8  = 
.5  or  sin  ff  =  \.  the  advantageous  velocity  U|  becomes  Vigh 
e  bca)mes  0.67.  The  cfFccl  of  friction  of  the  water  on  the 
sides  of  tlie  revolving  tube  is  not  here  considered,  but  this  will 
be  done  in  Art.  172. 

Prob.  t62a.  Compute  the  theoretic  efficiency  of  the  reaction  wheel 
wben  6  =  180°,  0  -  0°,  and  m  -  Vigh. 

Prob.  1626.  A  reaction  wheel  has  0  =  jo",  ti  =  o.joa  meters,  and  h  - 
4.5  mders.  Compute  the  mo*!  ailvaiitageous  numtwr  of  revolulioni  per 
minulc.  If  the  quantity  o(  water  dclivcrcH  to  the  whrel  is  r6oo  liters  per 
minute,  compute  the  power  of  ihc  wheel  in  metric  horse-powers  and  in  kflo- 
walkt. 

Prob.  l&ie.  When  /  is  in  meters,  v  in  meters  per  second,  and  />.  ^1, 
aiui  fi^  are  in  kilograms  [>er  iquare  eeiitimeter,  the  formulae  (la7)s  for  water 
hammer  become 

the  first  of  which  is  to  be  us(.-<I  when  t  isgroaler  than  0.001404/ and  the  second 
when  t  is  equal  to  or  less  than  it,  /  being  In  meters. 
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CHAPTER    13 
WATER  WHEELS 

Art.  163.    CoNDiTio>fS  of  Hioh  Efficiency 

A  hydraulic  motor  is  an  apparatus  for  utilizing  the  energy 
of  a  waterfall.  It  generaUy  consists  of  a  wheel  which  is  caused  to 
revolve  cither  by  the  weight  of  water  falling  from  a  higher  to» 
lower  level,  or  by  the  dynamic  pressure  due  to  the  change  in  dila- 
tion and  velocity  of  a  moving  stream.  When  the  water  euttn 
at  only  one  part  of  the  circumference,  the  apparatus  is  called  a 
water  wheel ;  when  il  enters  around  the  entire  circumference,  it 
is  called  a  turbine.  In  this  chapter  and  the  next  these  two  classes 
of  motor;  will  be  discussed  in  order  to  determine  the  conditioos 
which  render  them  most  efficient.  Overshot  wheels,  which  movt 
under  the  weight  of  water  caught  in  their  buckets,  and  undershot 
wheels,  which  move  under  the  impact  of  a  flowing  stream,  are 
forms  that  have  been  used  for  many  centuries.  Impulse  wheels, 
which  owe  their  motion  to  a  jet  of  water  striking  their  vaneS 
with  higti  velocity,  were  perfected  in  the  nineteenth  century. 

The  efficiency  e  of  a  motor  ought,  if  possible,  to  be  indcpcndecl 
of  the  amount  of  water  used,  or  if  not.  It  should  be  the  greatest 
wlien  the  water  supply  is  low.  This  is  verj'  difTicult  to  attain. 
It  should  be  noted,  however,  that  it  is  not  the  mere  \-ariation  in 
the  quantity  of  water  which  causes  the  efficiencj'  to  vary,  but  il 
is  the  losses  of  head  which  are  consequent  thereon.  Tor  instance, 
when  water  i.i  low,  gates  must  be  lowered  to  diminish  the  area  of 
orifices,  and  this  produces  sudden  changes  of  section  which 
diminish  the  effective  head  A.  A  complete  theoretic  expres^on 
for  the  efficiency  will  hence  not  include  H'',  the  weight  of  water 
supplied  per  second,  but  it  should,  if  possible,  include  the  losKS 
of  energy  or  head  which  result  when  If  varies,  The  actual  effi- 
ciency of  a  motor  can  only  be  determined  by  teats  with  the  fric- 


i 
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lion  brake  (Art.  149) ;  the  theoretic  efficiency,  as  dcducctj  from 
foimulas  like  those  of  the  last  chapter,  will  as  a  rule  be  hifjher 
than  the  actual,  betause  it  is  impossible  to  formulate  accurately 
all  the  sources  of  loss.  Nevertheless  the  deduction  and  discus- 
sion of  formulas  for  theoretic  efficiency  are  very  important  for  the 
correct  understandinj;  and  successful  construction  of  all  kinds 
of  hydraulic  motor."*. 

When  a  wcifiht  of  water  W  falls  in  each  second  through  the 
height  A,  or  when  it  is  delivered  with  the  velocity  v.  its  theoretic 
cncrg)'  per  second  is 


or 


K  =  W^ 


'g 


The  actual  work  per  second  equals  the  theoretic  energy  minus 
all  the  losses  of  energy.  These  losses  may  be  divided  into  two 
classes :  first,  those  caused  by  the  transformation  of  energy  into 
heat ;  and  second,  those  due  to  the  ^-elocity  vj  with  which  the 
water  reaches  the  level  of  the  tail  race.  The  first  class  includes 
losses  in  friction.  losses  in  foam  and  eddies  consequent  upon  sud- 
den  changes  in  cross-section  or  from  allowing  the  entering  water 
to  dash  improperly  against  surfaces ;  let  the  loss  of  work  due  to 
this  be  ll'A",  in  which  k'  is  the  head  lost  by  these  cau.ses.  The 
second  loss  is  due  merely  to  the  fact  that  the  departing  water 
carries  away  the  encrg>-  W  ■  ti'/'ag.  The  work  per  second  im- 
parted by  the  water  to  the  wheel  then  is 

and  dividing  this  by  the  theoretic  energy  the  efficiency  is, 

in  which  v  i.s  the  velocity  due  to  the  head  It.  Thi."*  formula,  al- 
though vcr>'  general,  must  be  the  basis  of  all  discussions  on  the 
theory  of  water  wheels  and  motors.  It  shows  that  f  can  only 
become  unity  when  k'  =  o  and  Vi  =  o,  and  accordingly  the  two 
following  fundamental  conditions  must  be  fulfilled  in  order  to 
secure  liigh  efficiency : 


k 
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I.  The  wntrr  must  raier  and  pau  through  the  wbed  vilhoiit 
lou'iig  energy  in  friction  and  fiMun. 

3.  'Vht  water  muiil  reach  the  level  of  the  tail  nee  without  ab- 
solute velocity. 

These  two  requirements  are  expressed  in  populir  language  by  tht 
well-known  maxim  "the  water  should  enter  the  wheel  without 
shock  and  leave  without  velocity."  Here  the  word  "  shock  "mrans 
that  method  of  introducing  the  water  upon  the  wheel  wbicb 
produces  foam  and  eddies. 

The  friction  of  the  wheel  u]xnt  its  bearings  is  included  in  the  lost 
work  when  the  power  and  efficiency  are  actually  n)ea.<iurcrl  as  deKribcd 
in  Art.  149.  But  as  this  i»  not  a  hydraulic  loss  il  should  i>ot  be  in- 
cluded in  the  lost  work  *'  when  discussing  the  wheel  merely  as  a  uxr 
of  water,  as  will  be  done  in  this  chapter.  The  amount  lost  in  duft 
and  journal  friction  in  good  coniit ructions  may  be  estimated  &I  i 
or,) percent  of  the  theoretic  energy, so  that  in  discu»«itig  the  hydrau- 
lic losses  the  maximum  value  of  r  will  not  be  unity,  but  about  C'.S 
or  0.97.  This  will  usually  be  rendered  considerably  smaller  by  ih; 
fnction  of  the  wheel  u]xin  the  air  or  water  in  whidi  it  moves,  and 
which  will  here  not  be  rcRarded,  The  effidency  given  by  (163)  ii 
called  the  hydraulic  eHiciency  to  distinguish  It  from  the  actual  efficiency 
as  determined  by  the  friction  brake. 

Prob.  183.  A  whcelusin([7ociibtcfectof  wnlrrpermimitcunderalMad 
of  11.4  ft^t  has  an  efficiency  of  63  percent.  \Mut  eSective  bone-pom 
does  it  deliver? 

AsT.  164.    Overshot  Wheels 

In  the  overshot  wheel  the  water  acts  largely  by  its  weight. 
Figure  164  shows  an  end  view  or  vertical  section,  which  so  fully , 
illustrates  its  action  that  no  detailed  explanation  is  necessai). 
The  total  fall  from  the  surface  of  the  water  in  the  head  race  or 
flume  to  the  surface  in  the  tail  race  is  called  h,  and  the  weight  of 
water  delivered  per  second  to  the  wheel  is  called  W.  Then  the 
theoretic  energy  per  second  imparted  to  the  wheel  is  K'A.  It  fe 
required  to  determine  the  conditions  which  will  render  the  eSec- 
tivc  work  of  the  wheel  as  near  to  Wh  as  jjossiblc. 

The  total  fall  may  l>e  divided  into  three  parts :  that  in  which 
the  water  is  filling  the  buckets,  that  in  which  the  water  ts  descend- 
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ing  in  the  filled  buckets,  and  thai  which  remains  after  the  buckets 
are  ettipticd.    Let  the  first  of  these  parts  be  called  ho,  and  the 

last  Ai-     In   failing   the  (lis-      . 

tancc  ka  the  water  acquires  ' 

a  velocity  Va  which  is  approxi- 
mately equal  to  Va^Au,  and 
then,  striking  the  buckets, 
this  is  reduced  to  w,  the  tan- 
gential velocity  of  the  wheel, 
whereby  a  loss  of  energy-  in 
impact  occurs.  It  then  dc- 
liccnds  through  llic  distance 
A  —  Ao  —  Ai,  acting  by  its 
wtight  alone,  and  finally, 
dropping  out  of  the  buckets, 
reaches  the  level  of  the  tail 
race  with  a  velocity  which 
causes  a  second  loss  of  energy.  Let  k'  be  the  head  lost  in  enter- 
ing the  buckets,  and  let  vi  be  the  velocity  of  the  water  as  it  reaches 
the  level  of  the  tail  race,  'fhen  the  hydraulic  efficiency  of  the 
wheel  is  given  by  the  general  formula  (163),  or 


tit.  IM. 


W 


h' 


Vi' 


and  to  apply  it,  the  \'alues  of  h'  and  Vj  are  to  be  found.    In  this 
equation  ii  is  the  velocity  due  to  the  head  A,  or  v  =  'Vigh. 

The  head  lost  iu  impact  when  a  stream  of  water  with  the 
velocity  Fu  is  enlar^^cd  in  section  so  as  to  have  the  smaller  velocity 
«,  b,  as  proved  in  Art.  76, 


2« 


.*n 


.«- 


aPntf +«' 


H 


The  velocity  I'l  with  which  the  water  reaches  the  tail  race  depends 
upon  the  velocity  «  and  the  height  A|.  Its  kinetic  encrg)'  as  it 
kaves  the  buckets  is  II'  ■  u'/ig.  the  [Kitential  energy  of  the  fall 
Ai  is  W'Ai,  and  the  resultant  kinetic  energy  as  it  reaches  the  tail 
race  is  W  •  v^/ig ;  hence  the  value  of  Ci  is 


I'l 


=  V«'+3gAl 
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Inserting  these  values  of  h'  and  vx  in  the  formula  for  e,  and 
placing  for  v*  its  equivalent  3gh,  there  is  found 


e=i- 


Vt'  —  3VoH  +  gW*  +  JgAi 

igh 


(164) 


The  value  of  u  which  renders  e  a  miiximum  is  found  by  equat- 
ing the  first  derivative  to  zero,  which  gives 

»  =  J»o 
or  the  velocity  of  the  wheel  should  be  one-half  that  of  the  entering 
water.    Inserting  this  value,  the  hydraulic  efficiency  correspond- 
ing to  the  advantageous  velocity  is 

and  lastly,  rcplacmg  fo'  by  its  \'aluc  2gho,  it  becomes 

,-  ,      '  *o  _  *t 
'~'       2b        h 

which  is  the  maximum  efficiency  of  the  overshot  whecL 

This  investigation  shows  that  one-half  of  the  entrance  fall 
Ao  and  the  whole  nf  the  exit  fall  Ai  are  lost,  and  it  is  hence  plain 
that  in  order  tu  make  e  as  large  as  possible  both  /in  and  hi  should 
be  as  small  as  possible.  The  fall  Ag  is  made  small  by  making  the 
radius  of  the  wheel  large;  but  it  cannot  be  made  zero,  for  then 
no  water  would  enter  the  wheel ;  it  is  generally  taken  so  as  to 
make  the  angle  ^u  about  lo  or  i$  (Icgrccs.  The  fall  At  is  made 
small  by  gi^nng  to  the  buckets  a  form  which  will  retain  the 
water  as  long  as  possible.  As  the  water  really  leaves  the  wheel 
at  several  points  along  the  lower  circumference,  the  value  of  hi 
cannot  usually  be  determined  with  exactness. 

The  practical  advantageous  velocity  of  the  overshot  wheel,  as 
determined  by  the  method  of  Art.  149,  is  found  to  bt-  about  041^ 
and  its  efficiency  U  found  to  be  high,  ran^iii^  from  70  to  90  jiercenL 
Jn  times  of  drmiglit,  when  ihf  water  supply  is  low,  and  it  is  dnirable 
to  utilize  all  the  power  available,  its  efficiency  is  the  highest,  sinoe 
then  the  buckets  are  but  partly  fdlcd  and  A,  becomes  small.  Herein 
lies  the  great  advantage  of  the  overshot  wheel ;  its  disadvantage  is  in 
ils  large  &ize  and  tlie  cxjiense  of  construction  and  maintenance. 
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The  number  of  buckets  and  their  depth  are  governed  by  no  laws 
except  tho!*e  of  experience.  Usually  the  number  of  huckeU  is  alxiut 
5f  or  6f,  if  '  is  the  radius  of  the  wheel  in  feet,  and  their  radial  depth 
is  from  to  to  15  inchca.  The  breadth  of  the  wheel  [>arallel  to  its 
axis  dqiends  upon  the  iiuiintity  of  water  supplied,  and  should  lie  so 
great  that  the  buckets  arc  not  fully  Jillcd  with  water,  iii  order  that  they 
may  retaiil  it  as  long  as  possible  and  thus  make  At  small.  The  wheel 
should  be  set  with  its  outer  circumference  at  the  level  of  the  tail  water. 

I'rob.  IIM.  Estimate  the  horw-powcr  and  efficiency  of  nn  ovfrsliot 
wheel  which  uses  loSo  cubic  feci  of  water  per  minute  under  a  head  of  26 
feet,  ihe  diameter  of  the  wheel  being  23  feet,  and  the  water  entering  15° 
from  the  top  and  leaving  11"  from  the  bottom. 


Art.  165.     Breast  Wheeis 

The  breast  wheel  is  applicable  to  small  falls,  and  the  action  of 
the  water  is  partly  by  impulse  and  partly  by  weight.  As  repre- 
sented in  Fig.  165  water 
from  a  reservoir  Is  admit- 
ted through  an  orifice 
upon  the  wheel  under  the 
bead  !h  with  the  velocity 
Po;  the  water  being  then 
confined  between  the 
vunes  and  the  cur\'ed 
breast  acts  by  its  weight 
through  a  distance  /fa, 
which  is  approximately 
equal  to  A  -  Ao.  until 
finally  it  is  released  at  the  level  of  the  tail  race  and  departs  with 
the  velocity  u.  which  is  the  same  as  thai  of  the  circumference  of 
the  wheel.  The  total  energy  of  the  water  being  Wh,  the  work 
of  the  wheel  is  eWh,  if  e  be  its  effidency. 

The  reasoning  of  the  last  article  may  be  applied  to  the  breast 
wheel.  A|  being  made  equal  to  Kero,  and  the  expression  there  de- 
duced for  c  may  be  regarded  as  an  approximate  %'alue  of  its  the- 
oretic efficiency.  It  appears,  then,  that  e  will  be  the  greater  the 
smaller  the  fall  ka ;  but  owing  to  leakage  between  the  wheel  and 


Fig.  106. 
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the  curved  breast,  which  cannot  be  theoretically  estiinated,  and 
which  is  less  for  high  velocities  than  for  low  ones,  it  is  not  deatr- 
able  to  make  Do  and  Ag  small.  The  effidency  of  the  breast  wheel  is 
hence  materially  less  than  that  of  the  overshot,  and  usually  ranges 
from  so  to  80  percent,  the  lower  values  bdng  for  small  wheels. 

Another  method  of  determining  the  theoretic  effidency  of  the 
breast  wheel  is  to  discuss  the  action  of  the  water  in  entering  and 
leaving  the  vanes  as  a  case  of  impulse.  Let  at  the  point  of  en- 
trance Ava  and  Au  be  drawn  parallel  and  equal  to  the  velodties 
vo  and  u,  the  former  being  that  of  the  entering  water  and  the  latter 
that  of  the  vanes.  Let  k  be  the  angle  between  to  and  u,  which 
may  be  called  the  angle  of  aK>roach.  Then  the  dynamic  pressure 
exerted  by  the  water  in  entering  upon  and  leaving  the  vanes  is, 
from  Art.  158,  ^  _  jyVgCosa-u 

g 
and  the  work  performed  by  it  per  second  is 

i 
This  expres^on  has  its  maximum  value  when 

«  =  ino  cos« 
which  gives  the  advantageous  velocity  of  the  wheel  circumference, 
and  the  corresponding  work  of  the  dynamic  pressure  is 

4g 
Adding  this  to  the  work  Wht  done  by  the  weight  of  the  water, 
the  total  work  of  the  wheel  when  running  at  the  advantageous 
\elocity  is  found  to  be 

^     4g  / 

or,  if  iiu'  be  replaced  by  its  value  c,*  ■  2gho,  where  c,  is  the  coeffident 
of  velodty  for  the  stream  as  it  leaves  the  orifice  of  the  reservoir, 

jfe  =  B'(5c,»cos'(iAo+A,) 
whence  the  maximum  hydrauUc  efficiency  of  the  wheel  is 

«=Jc*cos*«-^+^  (165) 
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If  in  this  expression  Aj  be  replaced  by  h  —  ho,  and  if  c  =  i  and 
a  =  o",  this  reduces  to  the  Mine  value  as  found  for  the  ovcrehot 
wheel.  The  angle  «,  however,  cannot  be  zero,  for  then  the  direc- 
tion of  the  entering  water  would  be  tangential  to  the  wheel,  and 
it  could  not  impinge  upon  the  vanes ;  its  value,  however,  should 
be  small,  say  from  lo"  to  2$".  The  coefficient  c,  is  to  be  ren<lered 
large  by  making  the  orifice  of  the  discharge  with  well-roundod 
inner  comers  so  as  to  avoid  contraction  and  the  losses  incident 
thereto.  The  above  formulas  cannot  be  relied  upon  in  practice 
to  give  close  values  of  k  and  r.  on  account  of  losses  by  foam  and 
leakage  along  the  curved  breast,  which  of  course  cannot  be  al- 
gebraically expressed. 

ProI>.  165.  A  breast  wheel  is  10.5  feet  in  diameter,  and  hiis  fi  =  o.gj, 
A,  ^  4.1  fret,  ami  a  =  i>  degrees.  Cumputc  the  most  KdvaD(jigcou&  num- 
ber of  rc^-olutions  per  minuto. 


Art.  1G6.    Undersoot  Wheels 

The  common  undershot  wheel  has  plane  radial  vanes,  and  the 
water  passes  beneath  it  in  a  direction  nearly  horizontal.  It  may 
(hen  be  regarded  as  a  breast  wheel  where  the  action  is  entirely 
by  impulse,  so  that  in  the  prect-ding  equations  Aj  becomes  o, 
Ao  becomes  A,  and  u  will  be  o".  The  theoretic  ef5ciency  then  is 
t  =  Jc,*.  Id  the  best  constructions  the  coefficient  c,  is  nearly 
unity,  so  it  may  be  concluded  that  the  maximum  efficiency  of  the 
undershot  wheel  is  about  0.5,  Experiments  show  that  its  actual 
cffiiiency  varies  from  o.ao  to  0.40,  and  that  the  advantageous 
velocity  is  about  0.411^  instead  of  o.s»n.  The  lowest  efficiencies 
are  obtained  from  wheels  placed  in  an  unlimited  flowing  current, 
as  upon  a  scow  anchored  in  a  stream ;  and  the  highest  from  those 
where  the  stream  beneath  the  wheel  is  confined  by  walls  so  as  to 
prevent  the  water  from  spreading  laterally. 

The  Poncelet  whct-l.  so  called  from  its  distinguished  inventor, 
h.Ts  cur\Td  vanes,  which  are  sn  arranged  that  the  water  leaves 
them  tangenlially,  with  its  absolute  velocity  less  tlian  that  of 
the  velocity  of  the  wheel.  If  in  Fig.  16.5  the  fall  A;  he  very  small, 
and  the  vanes  be  curved  more  than  represented,  it  will  exhibit 
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the  main  features  of  the  Poncelet  wheel.  Tlie  water  entering 
with  the  absolute  velocity  vt  takes  the  velocity  u  of  the  vane  and 
the  velocity  V  relative  to  the  vane.  Pasung  then  under  the  wheel, 
its  dynamic  pressure  performs  woiic ;  and  on  leaving  the  vane 
its  relative  velocity  V  is  probably  nearly  the  same  as  that  at 
entrance.    Then  if  V  be  drawn  tangent  to  the  vane  at  the  point 


F«.  IBS. 


of  exit,  and  h  tangent  to  the  circumference,  their  resultant  will 
be  ri,  the  absolute  velocity  of  exit,  which  will  be  much  less  than  tt. 
Consequently  the  energy  carried  away  by  the  departing  water 
is  less  than  in  the  usual  forms  of  breast  and  undershot  wheels, 
and  it  is  found  by  experiment  that  the  efficiency  may  be  as  li^;h 
as  60  percent. 

In  Fig.  166  is  shown  a  portion  of  a  Poncelet  wheel.  At  A 
the  water  enters  the  wheel  through  a  nozzIe-Uke  opening  with  the 
abst^)tute  ^-elocity  ro  and  at  B  it  leaves  with  the  absolute  velocity 
vi.  In  the  ligure  A  and  B  have  the  same  elevation.  At  A  the 
entering  stream  makes  the  approach  angle  a  with  the  circumfer- 
ence of  the  wheel  and  the  same  angle  with  the  vane,  so  that  the 
relative  velocity  V  is  equal  to  the  velocity  of  the  outer  circum- 
ference u.  If  A  be  the  head  on  .4 ,  the  theoretic  work  of  the  water 
is  U'A,  and  the  work  of  the  wheel  k 

and  the  eihcienc)',  neglecting  friction  and  leakage,  is 

Now.  let  c,  be  the  coefficient  of  ii^lodty  of  the  entrance  orifice, 
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then  Ou  =  Ci  'vigh.      From  the  parallelograms  ol  velocity  at 
A  and  B,  there  arc  found 


«  = 


Vo  _ 

3C09a 


f  1  =  2  «  sine  =  Vo  tana 


and  for  tin's  velocity  «  the  efficiency  of  the  wheel  is 

tf  =  *:.»{i  -  tan»«)  (166) 

If  c,  =  I  and  a  =  o,  the  efficiency  becomes  unity.  In  the  best 
consiructiona  c,  may  be  made  from  0.95  to  o.gS.  but  a  cannot 
be  a  ver>'  small  angle,  since  then  no  water  could  enter  the  wheel. 
If  a  =  30'  and  c,  =  0.95  the  efficiency  is  0.60.  which  is  probably 
a  higher  value  than  usually  attained  in  practice.  If  the  velocity 
be  greater  or  less  than  Jvo/'cosb,  the  efficiency  will  be  lowered  on 
account  of  shock  and  foam  at  A. 

Prob.  160.  Eslimate  thi;  horsepower  thai  can  be  obtaiiieti  from  an 
undershot  wheel  with  pinnc  radial  vanes  placed  in  a  stream  having  a  mean 
velocity  0/  i  lect  ptr  s«cund.  llie  widih  of  the  wheel  biing  15  feet,  lis  di- 
ameter 8  feet,  and  the  maximum  immersion  of  Ihe  vanes  being  j.ijt  feet. 
How  many  revolutions  p«r  minute  should  this  wheel  make  in  order  to  furiii»h 
the  maximum  power? 


Akt.  167.    Vertical  Impulse  Wheels 

A  vertical  wheel  like  Fig.  166.  but  having  smaller  vanes 
against  which  the  water  is  delivered  from  a  nozzle,  is  often  called 
sn  impulse  wheel,  or  a  "hurdy-gurdy" 
wheel.  The  Pellon  wheel,  the  Cascade 
wheel,  and  other  forms  can  be  purchased 
in  several  sizes  and  are  convenient  on  ac- 
count of  their  portability.  Figure  167a 
shows  an  outline  sketch  of  such  a  wheel 
with  the  vanes  somewhat  exaggerated  in 
size.  The  simplest  vanes  are  radial  planes 
as  at  ^,  but  these  give  a  low  efficiency. 
Curved  vanes,  us  at  B.  are  generally  used, 
as  these  cause  the  water  to  turn  back- 
ward, opposite  lo  the  direction  of  the  motion,  and  thus  to  leave 
the  wheel  with  a  low  absolute  velocity  (Art.  159).     In  the  plan 
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of  the  wheel  it  is  seen  that  the  vanes  may  be  arranged  so  as  ilsb 
to  turn  the  water  sidewise  while  deflecting  it  backwaid.  The 
Q^riments  of  Browne  *  show  that  with  plane  radial  vaoes  tbe 
highest  e£Bciency  was  40.3  percent,  while  with  curved  vanes  at 
cups  83.5  percent  was  attained.  The  velocity  of  the  vanes  irtiidi 
gave  the  highest  efficiency  was  in  each  case  abnost  exactly  oat- 
half  the  velocity  of  the  jet. 

The  Pelton  wheel  is  used  under  high  heads,  and  also  bmg  ol 
small  size  it  has  a  high  velocity.  The  effective  head  is  that 
measured  at  the  entrance  of  the  nozzle  by  a  pressure  gage,  cor- 
rected for  velocity  of 
approach  and  the  loss  in 
the  nozzle  by  formula 
^}i.  These  wheels  are 
wholly  of  iron,  and  are 
provided  with  a  casng 
to  prevent  the  spattering 
of  the  water.  Fig.  167fi 
^ows  a  form  with  three 
nozzles,  by  which  three 
streams  are  applied  at 
different  parts  of  the 
circumference,  in  order 
to  obtain  a  greater  power 
than  by  a  single  nozzle, 
or  to  obtain  a  greater 
speed  by  using  smaller 
nozzles.  For  an  effective  head  of  100  feet  and  a  single  nozzle 
the  following  quantities  are  given  by  the  manufacturers : 
Diameter  in  feet,  13346 

Cubic  feet  per  minute,  8.ig  44.19  W-SS  '76-7  398-1 
Revolutions  per  minute,  716  363  941  181  iii 
Hocsc-powers,  1.40      7.49     16.84     ^9-93      ^7.3 

and  these  figures  imply  an  efficiency  of  85  percent. 

The  general  theory  of  these  vertical  impulse  wheels  is  the  same 
as  that  given  for  moving  vanes  in  Art.  158,     Owing  to  the  high 

•  Bowie'sTreali4eonHydraulicMining(NewYotk,  1885),  p.  193. 
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velocity,  more  or  less  shock  occurs  at  entrance,  and  as  the  angle 
of  exit  8  cannot  be  made  small,  ihc  walcr  leaves  the  vanos  with 
more  or  less  abiinlute  velocity.  'ITic  advantageous  velocity  of 
the  vanes  or  cups  is  between  40  and  50  percent  of  that  of  the 
entering  jet. 

i'rah.  167.  The  diiimrltT  of  n  hiiniy-mirdy  whcd  is  ii.5  feet  between 
centers  of  vanca.  aji<l  the  impinging  jet  lia^  a  vi-lociiy  of  58,5  feet  per  tccond 
jtnd  u  (liamelcr  of  o.iS:  fct^i.  The  i-llinciicy  of  ihc  wheel  Ls  .(4,5  percent, 
when  making  61  revolutions  per  minute  What  cfiective  horec-power  does 
U  furiii^? 

Art.  168.    Hohizontal  Impci^se  Wheels 

When  a  wheel  is  placed  with  its  plane  horizontal  and  is  driven 
by  a  stream  of  water  from  a  nozzle,  it  ia  called  a  horizontal  im- 
pulse wheel.  Tliere  are  two  forms,  known  as  the  outward-flow 
and  the  inward-flow  wheel.  In  the  former,  shown  in  Fig.  IfiSa, 
the  water  enters  the  wheel  upon  the  inner  and  leaves  it  upon  the 

^oiiter  I 


ri|.  ia8«. 
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outer  circumference ;  In  the  latter,  shown  in  Fig.  ICSft,  the  water 
enters  upon  the  outer  and  leaves  upon  the  inner  circumference. 
The  water  issuing  from  the  nozdc  with  the  velocity  v  impinges 
upon  the  vanes,  and  in  p:issing  through  the  wheel  alters  holh  its 
direction  and  its  absolute  velocity,  thus  transforming  its  energy 
into  useful  work.  Tlie  energy  of  the  entering  water  is  W  -  ^/ig 
and  that  of  the  departing  water  is  W-PiVai.  Neglecting  fric- 
tional  resistances,  the  work  imparted  to  the  wheel  by  the  water  is 
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and  dividing  tliis  by  the  theoretic  energj-,  the  efficiency  is 

Tliis  is  the  same  as  the  general  formula  (163)  if  h'  =  o ;  that  b, 
losses  in  foam  and  friction  .-ire  disre^^arded,  and  if  the  wheel  is 
set  al  the  level  of  Ihc  tail  race.  It  is  now  required  to  state  the 
conditions  which  will  render  these  losses  and  also  the  vetodly 
Vi  as  small  as  possible.  The  reasoning  will  be  general  and  appli- 
cable to  both  outward  and  inward-flow  wheels. 

At  the  point  A  where  the  water  enters  the  wheel  let  the  paral- 
lelogram of  velocities  be  drawn,  the  absolute  velocity  of  entrance 
being  resolved  into  its  two  comiwnents.  the  velocity  «  of  the  wheel 
III  that  point,  and  the  velocity  V  relative  to  the  ^-anc ;  let  the 
approach  angle  between  u  and  v  be  called  a,  and  the  entrance 
angle  between  u  and  V  be  called  ^.  At  the  point  B  where  the 
water  leaves  the  wheel  let  Vi  be  its  velocity  relative  to  the  vane, 
and  U|  the  velocily  of  the  wheel  at  that  point ;  then  tlicir  ixsult- 
ant  is  ?i.  the  absolute  velocity  of  exit.  Let  th«  exit  angle  between 
Vi  and  the  reverse  direction  of  u,  be  called  /3.  The  directions  of 
the  velocities  u  and  mi  are  of  course  tangential  to  the  circunifo- 
cnccs  at  the  points  A  and  B.  Let  r  and  ri  be  the  radii  of  these 
circumferences;  then  the  velocities  of  re\'olution  arc  directly  as 
the  radii,  or  uri  =  «|f. 

In  order  that  the  water  may  enter  the  wheel  without  shod 
and  foam,  the  relative  velocity  V  t^hould  be  tangent  to  the  vane 
at  A.  so  that  the  water  may  smoothly  glide  along  it.  This  will 
be  the  case  if  the  wheel  is  run  at  such  speed  that  the  parallelo- 
gram at  A  ran  he  fonned,  or  when  the  velocities  n  and  v  are  pro- 
portional to  the  sines  of  the  angles  opposite  them  in  the  triangle 
Am'.  The  velocity  Vt  will  be  rendered  very  small  by  running  the 
im]>ulse  wheel  at  such  s|H'cd  that  the  velocities  Ui  and  d  are 
equal,  since  then  the  parallelogram  at  B  becomes  a  rhombus  and 
the  diagonal  vi  is  very  small.     Hence 

«  _  Mn  a  —  «) 
V  sin^ 


and 


Ui  =  Vr 


iim 


the  two  conditions  of  maximum  hydraulic  efficiency. 
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Now,  referring  to  the  formula  (160),  which  expresses  the  re- 
lation between  the  velocities  of  rotation  and  the  relative  velocities 
of  the  water  for  revoKing  vanes,  it  h  seen  that  if  «i  =  V'l.  then 
hIso  m  =  r.  But  u  cannot  equal  V  unless  <t>  =  la.  and  then 
M  =  r/z  cosrt,  which  is  the  advantageous  velocity  of  the  tircuin- 
fercnce  at  A.    Therefore  the  two  conditions  above  reduce  to 


0  =  am 


and 


«  =  ■ 


2  cosa 


(168), 


which  show  how  the  wheel  should  be  built  and  what  speed  it 
should  have  to  secure  the  greatest  efficiency.  When  this  speed 
obtains,  the  absolute  velocity  ri  is 

Vi  =  2«i  sm  Jp  =  2U—  sin  jfl  =  p—  — ^- 
r  r    cosa 

and  the  corresponding  hydraulic  efficiency  is 

,=  ,-_^^i»A8^'  (168), 

\r    cosa  / 

by  the  discussion  of  which  proper  values  of  the  approach  angle  « 
and  the  exit  angle  ff  can  be  derived. 

This  formula  shows  that  both  the  approach  angle  a  and  the 
exit  angle  i3  should  be  small  in  order  to  give  high  elTiciency,  but 
they  cannot  be  zero,  as  then  no  water  could  pass  through  the 
wheel;  values  of  from  15°  to  30*  are  usual  in  practice.  It 
also  shows  that  fi  is  more  important  thitn  «,  and  if  S  be  small,  « 
may  sometimes  be  made  40**  or  45".  It  likewise  shows  that  for 
given  values  of  a  and  ^  the  tnward-flow  wheel,  in  which  n  b  less 
than  r,  has  a  higher  efficiency  than  the  outward-flow  wheel. 

The  condition  V,  =  M,  renders  the  absolute  exit  %'elocily  v,  very 
small,  but  it  does  not  give  its  true  minimum.  This  will  be  obtained 
by  midsiiiK  Vi  =  "i  ^o^  $•  so  that  the  direction  of  v,  is  normal  to  iJiat 
of  V,.  and  ihus  I'l  =  ki  sin  fi.  The  discusiJon  of  water  wheels  and  tur- 
b'ne.s  under  this  condition  of  the  true  minimum  leads  to  ver>'  complex 
formulas,  and  hence  in  this  book,  as  in  many  others,  the  simpler  con- 
dition I'l  =  «i  is  used. 

Prob.  IBS.  Ci>mpiile  the  maximum  efficiency  of  an  outward-flow  im- 
pulse wheel  when  n  =  ,j  feci,  r  ^  2  feet,  a  =  45°,  ^  =  90",  0  -  30%  and 
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find  the  Dumber  at  revolutions  per  miaute  required  to  mcutc  Mich  eS- 
dency  when  the  velocity  of  the  altering  strcun  ia  r  -  lOo  feci  per  steoml 


AfiT.  169.      DOWNWAED-FLOW  iMPtTtSE  WHEELS 

In  the  impulse  wheel*  thus  far  considered  tlie  water  leaves  tk 
vanes  in  a  horizontal  direction.  Another  {orm  used  less  frequently 
is  that  of  a  horizontal  wheel  driven  by  water  issuing  from  an  in- 
clined nozzle  so  that  it 
passes  downward  atoi^  tbc 
vanes  nithout  approaching 
or  rccc<lii)g  from  the  soas. 
Figure  10!)  shows  an  out- 
line plan  of  such  an 
impulse  wheel  and  a  de- 
velopment of  a  part  of  i 
c}'lindri(.'al  section.  Let  v 
be  the  velocity  of  the  en- 
tering stream,  u  that  of  the 
wheel  at  the  point  where  it 
strikes  the  vanes,  and  vt 
the  absolute  velocity  of  the 
departing  water.  At  the 
entrance  A  the  direction 
of  V  makes  with  that  of  n 
the  approach  angle  «,  and 
the  direction  of  the  rcb- 
live  velocity  V  makes  with 
that  of  u  the  entrance  angle  ^.  The  water  then  pa.sscs  o%-cr 
the  vane,  and,  neglecting  the  influence  of  friction  and  gravity,  it  I 
ii&ues  at  B  with  the  same  relali\'c  velocity  V,  making  the  cnl 
angle  0  with  the  plane  of  motion. 

The  condition  thaf  impact  and  foam  shall  be  avoided  at  A 
is  fulfilled  by  making  the  relative  vciodty  V  tangent  lo  the  \-ane,  I 
and  the  condition  that  the  absolute  velocity  Ci  shall  be  small  is] 
fulfilled  by  making  the  velocities  u  and  V  eqiuii  at  B.    Hence, ' 
as  ill  the  la&l  article,  the  best  construction  is  to  make  ^  =  20, 


1 


.i^: 
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and  llie  btst  speed  of  the  wheel  is  m  =  v/2castt.  Also  by  the 
same  reaf^ning  the  tfficicncy  under  these  condiliotis  is 

e=  I  —  (sin  i/S/cosu)' 

which  shows  that  tt,  and  especially  ff.  should  be  a  small  angk-  to 
give  a  high  numerical  v'alue  of  e.  For  instance,  il  both  these 
angles  are  30",  the  efficiency  is  0.92.  but  if  a  =  45°  and  /3  =  10", 
the  efficiency  is  0.94. 

Although  thesi-  wheels  are  but  lilllc  used,  there  seems  to  be  no 
hydraulic  reason  why  they  should  not  be  employed  with  a  success 
equal  to  or  greater  ihan  that  attained  by  vertioal  impulse  wheels. 
It  will  be  [>o=&!blc  to  arrange  sc\'er,il  noziilcs  around  the  circumference 
and  thus  to  secure  ;i  high  jwwer  with  a  small  wheel.  The  fall  of  the 
water  through  the  vertical  distance  between  A  and  B  will  also  add 
slightly  to  the  [wwer  of  the  wheel,  and  if  this  be  taken  into  account, 
the  above  values  of  advantageous  velocity  and  efficiency  will  be  modi- 
6ed,  both  being  slightly  increased,  as  the  following  investigation  shows. 

Let  A,  be  the  vertical  fall  hetwTen  A  and  B ;  then  the  theoretic 
energy  of  the  water  with  respect  to  B  is 


\  2S        2|/ 


and  the  hydraulic  efficiency  of  the  wheel  is 


e=  i~ 


li" 


v^  +  sghi 


Here  the  relative  velocity  T,  at  S  is  greater  than  V,  or 

and  since  m  should  equal  K,,  this  equation  becomes,  after  inserting 


for  V  its  value  in  terms  of «,  v,  and  «, 

V 


u  = 


i'^f) 


3  cosa  V  B* 

which  pvcs  the  advantageous  velocity  of  the  wheel.    Since 

Vi  =  ZH  sin  1^, 
the  above  expression  for  the  theoretic  hydraulic  efficiency  reduces  to 


V-i: 


IT  J\  cosa  J 


fiA 


tcrt^c*.' 
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ror  'Jns  >:asc  the  approach  angle  0  must  be  a  little  greater  than  2a, 
"■■  :i5  v-aiue  can  be  Eoiind  by 

cot*  =  cot«-^^t2£AL 
rsinact 

jiMi  l)y  'rtinfT  ttds  ao^e  ^,  losses  due  to  imptact  will  be  avoided  when 
the  iviicei  is  nm  at  the  advantageous  speed.  For  example,  if  p  =  50 
■«rt  i>«x  ^^tond.  and  *i  =  i  foot,  and  a  =  30°,  the  value  of  ^  is  about 
>( '  iosunui  of  00°  as  the  simpler  condition  requires,  while  the  increase 
in  ibe  ^vautageous  speed  is  about  2  percent  over  the  fonner  value. 

IVub.  169.  A  wheel  like  Fig.  169  is  driven  by  water  which  issues  (rooi 
.1  itu4ete  wiih  x  vekxity  of  100  feet  per  second.  If  the  diameter  is  3  feel,  the 
.iiKiritLy  o.iM.  and  the  approach  angle  a  =  45°,  find  the  best  value  of  the 
.'UinuKc  jjitl  exit  angjes  and  the  beat  speed. 

.■Vrt.  170.    Nozzles  for  Impulse  Wheels 

Impulse  wheels  are  driven  by  the  dynamic  pressure  of  water 
>»uia^  tmm  nozzles  attached  to  the  end  of  a  pipe  which  conducts 
■It  rtdler  irom  a  reservoir.  It  is  shown  in  Art.  101  that  the 
;uaiesi  velocity  is  secured  when  the  diameter  of  the  nozzle  is  is 

.,  ...u  ,!>  i-vKssible  and  that  the  greatest  discharge  occurs  when  there 

-    ^'   iii/.j^ic.     To  secure  the  greatest  power,  however,  there  is  a 

.  .1..1  ,:uimeier  ol  nozzle  which  will  now  be  determined,  and  it  is 

.  -  -^lUc   or  cconyniicd!  reasons  to  use  a  nozzle  of  this  size  and 

..  ,.s.     u-  >t'^f>i  oi  the  wheel  thereto. 

,1   .'  LN.'  Lhc  hydrostatic  head  on  the  nozzle,  I  the  length,  and 

!..     wiiicur  oi  the  pipe,  and  D  the  diameter  of  the  nozzle, 

, ,     ,:    :ic    t.-sisi;ino:;s  except  that  due  to  friction  in  the  pipe  and 

^     .0    V    ivX'Cvttd;    ^^^'^  from  Art.  101  the  velocity  of  the  jet 

v...       .K'      K'^C    is  , . 


v^ 


2gh 


\f{t.d}(p/dr+u/c.y 

.  .uvi    :-i  iK-  iritiion  factor  for  the  pipe  and  c,  is  the  coefficicDt 
,s.  L_v    oi    iic  Tiozzle.     Let  w  be  the  weight  of  a  cubic  foot 
.,...,  .     iKii  -iv  theoretic  energy  of  the  jet  per  second  is 
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and  the  vzluc  of  D  which  renders  this  a  maximum  b,  by  the  usual 
method  of  differentiation,  ascertained  to  be 

D  =  id-'/7/c,n)^  (170), 

and  fur  a  nozslc  of  this  size  the  velocity  uf  the  jet  is 

V  =  o.Si6c,V3gh 

or.  since  c,  is  about  0.97.  the  velocity  of  the  jet  when  leaving  the 
nozzle  is  about  80  percent  of  tlie  theoretic  velocity  due  to  the 
head  on  the  nozzle. 

As  an  example  let  a  pipe  be  1200  feet  long  mid  1  foot  in 
diameter;  then,  taking  for/  ihc  mean  value  0.02  and  using 
6,=  0.97,  there  is  found  D  =  0.39  feet,  and  hence  a  nozzle  4J 
inches  in  diameter  is  required  to  give  the  maximum  power.  This 
result  may  be  revised,  if  thought  necessary,  by  finding  the  velocity 
in  the  pipe  and  thus  getting  a  better  \-aluc  of/  from  Table  90a. 
If  the  head  he  100  feet,  this  velocity  is  found  to  be  9.2  feet  per 
second,  whence  /  =  0.018,  and  on  repeating  the  computation 
there  is  found  D  =  0.40  feet  =  4.8  inches.  If  the  pipe  be  12  000 
feet  long,  the  advantageous  diameter  of  the  nozzle  will  be  found 
to  be  much  smaller,  namely,  3J  inches. 

When  there  is  more  than  one  nozzle  at  the  end  of  the  pipe,  the  above 
investi|;ation  must  be  modified.  Let  there  be  two  nozzles  with  the 
diameters  D,  and  D,,  each  having  the  coefficient  c,  Then  the  dis- 
charRe  \rtih'  through  the  pipe  equals  the  discharge  '"{/),' K,  +  D^Vi). 
But  the  vclocitira  V,  and  V,  arc  equal  if  the  tips  of  the  nozzles  arc  on 
the  same  elevation,  and  ht-nce  i/V  equals  {D,^  +  t}^)V,  where  V  is 
the  velocity  of  flow  from  each  nozzle.  Now,  referring  to  Art.  101 
and  to  the  proof  of  (170)  I,  it  is  .seen  that  it  applies  to  this  case  provided 
Z)*  be  replaced  by  />i'  +  /Jj',  and  accordingly 

A'+A'  =  (rf',aA.'0*  (170), 

Es  the  formula  for  determining  the  sizes  of  the  two  nozzles  which  will 
furnish  the  maximum  power;  if  D,  \ie  assumed,  the  value  of  Df  can 
be  computed.  The  area  of  the  drclc  of  diameter  D  found  from 
(t70)i  is  equal  to  the  sum  of  the  areas  of  the  two  circles  found  from 
(170),.  If  there  he  three  or  more  nozzles,  the  sum  of  their  areas  is 
e<iual  to  that  corresponding  to  the  diameter  D  as  computed  from 
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Cl70)i.  For  example,  let  there  be  a  pipe  1200  feet  long  and  one  fooi 
in  diameter  to  which  three  nozzles  of  equal  size  are  attached.  The 
diameter  found  above  for  one  nozzle  is  4.80  inches,  and  the  correspond- 
ing area  is  iS.io  square  inches;  hence  the  area  of  the  cross-seciion 
of  the  tip  of  each  of  the  three  nozzles  is  6.03  square  inches,  which  cor- 
responds to  a  diameter  of  2.77  inches. 

Prob,  170.  A  pipe  15  000  feet  long  and  iS  inches  in  diameter  runsfrem 
a  mountain  reservoir  to  a  power  plant,  where  the  water  is  to  be  ciclivcrtd 
throu^  t\\o  nuzzles  against  a  hurdy-gurdy  whtc!.  I!  the  diameter  oioM 
nosde  is  3  inches,  find  the  diameter  of  the  other  in  order  that  the  miximuin 
power  may  lie  developed.  If  the  head  on  the  nozzles  is  613  feet  and  tht 
efficiency  of  the  wheel  79  percent,  compute  the  horse-power  that  nay  be 
e^>ectcd. 

Art.  171.    Special  Forms  op  Wheels 

Numerous  varieties  of  the  water  wheels  above  described  have 
been  used,  but  the  \'ariation  lies  in  mechanical  details  ralhet 
than  in  the  introduction  of  any  new  hydraulic  principles.  In 
order  that  a  wheel  may  be  a  success  it  must  furnish  power  as 
cheap  as  or  cheaper  than  steam  or  other  motors,  and  to  this 
end  compactness,  durability,  and  Idw  coat  of  instalUtira  and 
maintenance  are  essential. 

A  variety  of  the  overshot  wheel,  called  the  back-pitch  wheel, 
has  been  built,  in  which  the  water  is  introduced  on  the  back  instead 
of  on  the  front  of  the  wheel.  The  buckets  are  hence  differently 
arranf!ed  from  those  of  the  usual  form,  and  the  wheel  revolves 
also  in  nn  opposite  direction.  One  of  the  lai^est  overshot  wheels 
fver  constructed  is  at  Laxey,  on  the  east  coast  of  the  Isle  of 
Man.  It  is  72}  feet  in  diameter,  about  10  feet  in  width,  and 
furnishes  about  150  horse-power,  which  is  used  for  punq)ing 
water  out  of  a  mine. 

A  breast  wheel  with  very  long  curved  vanes  extending  over 
nearly  a  fourth  of  the  circumference  has  been  used  for  small  falls, 
the  water  entering  directly  from  the  penstock  without  impulse, 
so  that  the  action  is  that  of  weight  alone.  This  form  is  made  of 
iron  and  gives  a  high  efficiency. 

Undershot  wheels  with  curved  floats  for  use  m  the  open  cur- 
rent of  a  river  have  been  employed,  but  in  order  to  obtain  much 
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W)wer  the>"  require  to  be  large  in  size,  and  hence  liavc  not  been 
iblc  to  compete  with  other  forms.  The  great  amount  of  power 
wasted  in  all  rivers  should,  however,  incite  inventors  to  devise 
wheels  that  can  economically  utilize  It.  Currents  due  to  the 
movement  of  the  tides  also  afford  opportunity  for  the  exercise 
of  inventive  talent. 

The  conical  wheel,  or  danalde.  is  an  ancient  form  of  down- 
ward flow  impuLsc  wheel,  in  which  the  water  approaches  the  axis 
as  it  descends,  and  thus  its  relative  motion  is  decreased  by  the 
centrifugal  force.  'ITic  theorj'  of  thi.s  is  almost  precisely  the  same 
as  that  of  an  inward-flow  impulse  wheel,  and  there  seems  to  be 
no  hydraulic  rca.ion  why  it  should  not  give  a  high  efficiency. 
Another  form  of  danalde  hiis  two  or  more  vertical,  vanes  attached 
to  an  axis,  which  arc  inclosed  in  a  conical  case  to  prevent  the 
lateral  escape  of  the  water. 

A  water-pressure  engine  is  a  hydraulic  motor  which  moves  under 
the  static  pressure  of  water  acting  against  a  piston  or  a  revolving 
djsk.  The  piston  forms  arc  rcciprocatinR  in  motion  like  ihc  s-team- 
engine  and  uperate  in  the  same  way,  the  water  entering  and  leaving 
throuRh  ports  which  arc  opened  and  closed  by  a  link  motion  con- 
necte<)  with  the  jiiston-rod.  Tljc  other  forms  give  rotary  motion 
directly  from  the  revolving  \'ancs  or  disks.  The  piston  engine  ha« 
been  employed  in  Germany  to  a  considerable  extent  to  drive  pumps 
for  draining  mines,  but  the  rotary  engine  has  not  been  widely  used, 
and  it  cannot  be  advantageously  arranged  to  deliver  a  high  jiower. 
On  account  of  the  incompressibility  of  water,  special  devices  for 
regulating  the  opening  and  closing  uf  tlie  valves  are  necessary.  i 

Numerous  other  special  devices  (or  utilizing  the  energy  of  water 
by  means  of  water  wheels  have  been  invented,  but  tliey  do  not  in- 
troduce any  new  hydraulic  principle.  The  efficiency  of  these  special 
forms  Ls  often  low  on  account  of  the  imperfections  of  the  apparatus, 
but  it  should  be  borne  in  mind  that  high  efficiency  is  only  obtained  after 
trials  extending  over  much  time,  such  trials  enabling  the  intper- 
fections  to  be  discovered  and  removed.  The  formulas  for  hydraulic 
efficiency  deduced  in  the  preceding  pages  do  not  include  los.scs  due  to 
friction,  ami  lhe,se  may  often  amount  lo  lo  or  20  percent  of  the  i 
theoretic  energj',  so  that  due  allowance  for  them  should  be  made  in 
estimating  the  power  which  a  proposed  design  may  deliver. 
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Power  may  be  ohtaincti  from  the  ocean  waves,  which  are  constantly 
rising  and  falling,  by  a  suflablc  arrangement  of  whcris  and  levers,  and 
some  inventions  in  thi.t  direction  have  given  fair  promiM:  of  success. 
One  in  operation  on  th<:  coast  of  England  about  iSgo  consisted  of  a 
lanie  btioy  which  roac  and  fell  with  the  wavn  on  a  lixed  vertical 
shaft  fastened  in  the  rock  Iwllom.  As  ihe  Inioy  moved  up  and  down 
it  operated  a  system  of  levers  and  wheels  which  drove  an  air -com  pressor, 
and  this  in  luni  ran  a  dynamo  tliul  generated  electric  power.  The  rise 
of  the  ocean  tide  also  aiToid*  opportunity  for  imiraunding  water  which 
may  lie  used  to  generjie  |X)w'er  when  the  tide  fails.  Ptiiiiltt  for  this 
purpose  art  to  be  located  along  tidal  rivers  where  opportunities  for 
impounding  occur,  the  whceli  being  idle  during  the  rise  of  (he  tide, 
and  in  operation  during  its  fall.  Owing  to  this  intermittent  gener- 
ation of  power,  it  will  be  necessary  to  provide  for  its  storage,  so  that 
induMries  using  it  may  be  in  continuous  o|)cralion. 

Prob.  17Ij.  a  wheel  using  10,5  cubic  meters  of  water  per  minute  imdcr 
anclIcclivcheaHfif  j.j.j  mdcrehw  an  efficiency  of  7sperccnt.  What  metric 
hotsc-powcr  docs  it  deliver  ?    What  is  its  power  in  kilowaiis  ? 

Prob.  171ft.  Abrcosl  wheel  hasr,  =  o-oj,  *d  =  <■.!  mctcrB.  and  «  —  la*. 
If  its  diameter  is  3.;  meters,  compute  the  most  advantageous  number  at 
revolutions  per  minute. 

Prob.  I7lc.  All  inward-Qow  impulse  wheel  has  P  ~  104%  a  =  $1", 
and  /3  <°  rj",  its  inner  diameter  being  0.81  meters  and  its  outer  diameter 
1.12  meters.  If  this  wheel  uses  0.86  cuIhc  meters  of  water  per  second  under 
an  effcrlive  head  of  /.g  meters,  tominite  its  cfBdency  and  its  probable  efiec- 
tivc  horse- power. 

Prob.  I7l(f.  A  pipe  3100  melen  long  and  40  ccntimetcis  in  dianicter 
delivers  vraier  through  two  nozzles  agniiist  a  hurdy-gurdy  wheel.  Ulien  the^ 
diameter  o(  one  luiulc  'm  5  ceiiliroelcni.  lind  the  diAmelerof  the  other  naxxlt^ 
in  order  that  the  energy  of  the  two  jets  may  be  a  maximum.  If  tic  head 
on  the  noulcs  Is  10;  meters  and  the  efficiency  of  the  wheels  is  8i  percent, 
compute  the  horee-powcr  which  the  wbecb  will  deliver. 
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CHAPTER    14 


TURBINES 

Art.  172.    The  Reaction  Wheel 

The  reaction  wheel,  invented  by  Barker  about  1740,  consists 
'  of  a  number  of  hollow  ;irms  connected  with  a  hollow  vertical  shnfl, 
as  ithown  in  Fig.  172.  The  water  issues  from  the  ends  of  the 
arms  in  a  direction  opposite  to  that  of  their  motion,  and  by 
the  d>-namic  pressure  due  to  its  reaction 
the  energy  of  the  water  is  transformed 
into  useful  work.  Let  the  head  of  water 
CC  in  the  shaft  be  A ;  then  the  pressure- 
head  BB  which  causes  the  flow  from 
the  arms  is  greater  than  ii.  on  account 
of  the  centrifugal  force  due  to  the  rota- 
tion of  the  wheel.  Let  iii  be  the  abso- 
lute velocity  of  the  exit  orifice-s,  and  V, 
be  the  velocity  of  discharge  relative  to 
the  wheel ;  then,  as  shown  in  Art.  29, 
and  also  in  Art.  162, 


P',=  V2fA-|-«i' 
absolute  velocity  Vi  of  the  issuing 


now  IS 


Fig-  172, 


■men 

V         vi  =  Vi  —  Ui  =  VigA-fw,'  -  ui 

It  is  seen  at  once  that  the  efficiency  can  never  reach  unity  unless 
If]  =  o,  which  requires  that  Ki  =  «].  This,  however,  can  only 
occur  when  «i  =  00 ,  since  the  above  formula  shows  that  I  '1  must 
be  greater  than  «i  for  any  finite  values  of  h  and  U|,  To  de- 
duce an  expression  for  the  efficiency  the  work  of  the  wheel 
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W(k  —  vi'/ig)  is  to  be  divided  by'tbe  theoretic  eoiergy  of  the 
water  Wh,  and  this  gives 

*=i-4  =  i-^^-^^  (172). 

which  shows,  as  before,  that  e  equals  unity  whoi  Ki  »«i  =  oo. 
If  7i  =  3tfi,  the  value  of  « is  0.667 ',  ^Vi  ~  3*i,  the  value  of  e 
is  reduced  to  0.50. 

This  invest^tion  indicates  that  the  efficiency  of  a  reaction 
wheel  increases  with  its  speed.  If  si  be  the  area  of  the  exit  orifices 
and  If  the  weight  of  a  cubic  unit  of  water,  the  weight  of  the  water 
discharged  in  one  second  is  uuiFi,  which  becomes  infinite  when 
Vi  =  Ui  =  to .  Nothing  af^roaching  this  can  be  realized,  and 
on  account  of  losses  due  to  friction,  a  very  high  speed  is  imprac- 
ticable. The  reaction  wheel,  indeed,  is  like  the  jet  pFcf>eUer  in 
regard  to  efficiency  (Art.  186). 

To  consider  the  effect  of  friction  in  the  anns,  let  A  be  the  coeffidcot 
of  velocity  {Chap.  7),  so  that 

Then  the  effective  work  of  the  wheel  is 


j^^jyic,V2gk+U,2~Ut)ut 

i 
and  the  corresponding  efficiency  of  the  wheel  is 

The  value  of  wi,  which  renders  thb  a  maximum,  is 

and  this  reduces  the  value  of  the  efficiency  to 

e=i-V73^  (172), 

If  c,=  i,  there  is  no  loss  in  friction,  and  «i  =  «  and  e=i,  as  be- 
fore deduced.  If  c,=  0.94,  the  advantageous  velocity  U|  is  very  nearly 
Vigil,  and  c  is  0.66:  hence  the  influence  of  friction  in  diminishing  the 
efficiency  is  very  great.    In  order  to  make  c,  large,  the  end  of  the  arm 
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where  the  water  enters  must  be  wetl  rounded  to  prcv-ent  contraction, 
and  the  interior  surface  must  be  smoolli.  If  the  inner  end  has  sharp, 
square  cdjjes,  as  in  a  standard  tube  (An.  78),  c,  is  o.8i,  and  e  is  0.43, 

The  reaction  wheel  is  not  now  used  a.s  a  hydraulic  motor  on  account 
of  its  tow  efficiency.  Even  when  run  at  high  s|>ceds  the  efficiency 
Is  iow  on  account  of  the  greater  friction  and  resistance  of  the  air. 
By  experiments  on  a  wheel  one  meter  in  (Ji;imetcr  under  u  head  of 
1 .3  feet  Weisbach  found  a  maximum  cfScicncy  of  67  percent  when  the 
velocity  of  revolution  ni  was  Vigh-  When  u,  was  jVi^h,  Ihe  efficiency 
was  nothing,  or  ail  the  energy  was  consumed  in  Irictional  resistances, 

The  reaction  wheel  is  here  introduced  at  the  beginning  of  the  dis- 
cussion of  turbines  mainly  to  call  attention  to  the  fact  that  the  dis- 
chiirge  vurie*  with  the  s(>eed.  .Mlhoii^h  somelimes  called  a  turbine, 
it  can  scarcely  be  properly  considered  as  belonging  to  that  class  of 
hydraulic  motor*. 

Prob.  172.  The  sum  of  the  CJtit  orifices  of  a  reaction  wheel  b  4-3S 
square  inchcK,  their  r.tdiun  is  1.75  feet,  and  their  wloelly  ji.i  feet,  per 
second.      Compute  the  head  necessary  to  furnish  1,6  horee-power*,  when 

Art.  173.    Classification  of  Turrinks 


A  turbine  wheel  may  be  defined  as  one  in  which  the  water 
enters  around  the  entire  circumference  instead  of  upon  one  por- 
tion, so  that  all  the  moving  vanes  arc  simultaneously  acted  upon 
by  the  dynamic  pressure  of  the  water  as  it  changes  its  direction 
and  velocity.  The  turbine  was  invented  by  Fourneyron  in  1837, 
and  owing  to  its  compactness,  cheapness,  and  high  efficiency,  it 
has  largely  replaced  the  older  forms  of  water  wlieels.  Turbines 
are  usually  horizontal  wheels,  and  like  the  impulse  wheels  of  the 
last  chapter,  they  may  be  outward-flow,  inward-flow,  or  down- 
ward-flow, with  respect  to  the  manner  in  which  the  water  passes 
through  them.  In  the  outward-flow  type  the  water  enters  the 
whcc!  around  the  entire  inner  circumference  and  passes  out  around 
the  entire  outer  circumference  (Fig.  174/1),  In  the  inward-flow 
type  the  motion  is  the  reverse  fFig.  I74c).  In  the  downward- 
flow  type  the  water  enters  around  the  entire  upper  annular 
openings,  passes  downward  between  the  moving  vanes,  and 
leaves  through  the  lower  annulus  (Fig.  ITOtj).     In  all  cases  the 
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water  in  leaving  the  wheel  should  have  a  low  absolute  velocity, 
that  most  of  its  encrg\'  may  be  surrendered  to  the  turbine  in  the 
form  of  useful  work. 

The  supply  of  water  to  a  turbine  is  regulated  by  a  gate  or 
gates,  which  can  partially  or  entirely  close  the  orifices  where  the 
water  enters  or  leaves.  The  guides  and  wheel,  with  ihe  gates 
and  the  surrounding  casings,  are  made  of  iron.  Numerous  forms 
with  different  kinds  of  gales  and  different  proportions  of  guides 
and  vanes  are  in  the  market.  They  are  made  of  all  sizes  from 
6  to  60  inches  in  diameter,  and  larger  sizes  arc  built  for  special 
cases.  The  great  turbines  at  Niagara  arc  of  the  outward-flow 
tjpe,  the  inner  diameter  of  a  wheel  being  63  inches  and  each  twin 
turbine  furnishing  about  50CXJ  horse-powers  (Art.  182).  The 
smaller  sizes  of  turbines  used  tn  the  United  States  arc  mostly  of 
the  inward-flow  type  or  of  a  combined  inward-  and  downward- 
flow  type. 

The  three  typical  classes  of  turbines  above  described  arc  often 
called  by  the  names  of  those  who  first  invented  or  perfected  them; 
thus  the  outward-flow  is  called  the  Fourneyron.  the  inward-fiow 
the  Francis,  and  the  downward-flow  the  Jonval  turbine,  lliere 
arc  also  many  turbines  in  the  market  in  which  the  flow  b  a  com- 
bination of  inward  and  downward  motion,  the  water  entering 
horizontally  and  inward,  and  lea^ing  vertically,  the  vanes  being 
warped  surfaces.  The  Uiiual  efficiency  of  turbines  at  full  gate 
is  from  70  to  85  percent,  although  90  percent  has  in  some  cases 
been  derived.  When  the  gate  is  partly  closed,  the  efficiency  in 
general  decreases,  and  when  the  gate  opening  is  small,  it  becomes 
very  low.  This  is  due  to  the  loss  of  head  consequent  upon  the 
sudden  change  of  cross-section;  and  therein  lies  the  disadvan- 
tage of  the  turbine,  for  when  the  water  supply  is  low,  it  is  im- 
portant that  it  should  uliti/.e  all  Ihe  power  available.  A  com- 
pilation of  turbine  tests  with  descriptions  of  the  various  forms 
of  wheels  has  been  made  by  Horlon  and  issued  by  the  United 
States  Geological  Survey.* 

Another  classification  is  into  impulse  and  reaction  turbines. 


I 


*  Water  Supply  and  IrrigiUou  Paper,  No.  180, 1906L 
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an  impulse  turbine  the  water  enters  the  wheel  with  a  velocity 
due  to  the  head  at  the  point  of  entrantc.  just  as  it  docs  from  tlic 
noy.z\e  which  drives  an  impulse  wheel  (Art.  168).  In  a  reaction 
turbint.  however,  the  velocity  of  the  entering  water  may  be 
greater  or  less  than  thai  due  to  the  head  on  the  orifices  of  entrance, 
and.  as  in  the  reaction  wheel,  it  is  also  influence*]  by  the  speed. 
This  Ls  due  to  the  fact  that  in  a  reaction  turbine  the  static  pres- 
sure of  the  water  is  [Ktrtially  transmitted  into  the  moving  wheel, 
provided  that  the  spaces  between  the  vanes  are  fully  filled.  Any 
turbine  may  be  made  to  act  either  as  an  impulse  or  a  reaction 
turbine.  If  it  be  arranged  so  that  the  water  passes  through  the 
vanes  without  tilling  them,  it  is  an  impulse  turbine;  if  it  be 
placed  under  water,  or  if  by  other  means  the  flowing  water  is 
compelled  to  completely  fill  all  the  passages,  it  acts  as  a  reaction 
turbine.  As  will  be  seen  later,  the  theory  of  the  reaction  turbine 
is  quite  different  from  that  of  the  impulse  turbine. 

Pn>b.  173.  U  ihc  eflicifncy  of  a  lurbini-  is  75  percent  when  delivering 
Sooohorsc-powi-fs  under  n  head  of  ij6kcl,  how  many  cubic  feet  of  water  per 
minute  paia  through  it  ? 

Aht.  174.    Reaction  Turbines 

A  reaction  turbine  is  driven  by  the  dynamic  pressure  of 
flowing  water  which  at  the  same  time  may  be  under  a  certain 
degree  of  static  pres- 
sure. If  in  the  reaction 
wheel  of  Fig.  172  the 
anns  be  separated  from 
the  penstock  at  A,  and 
be  so  arranged  that  BA 
revolves  around  the  axis 
while  AC  b  stationary, 
the  resulting  apparatus 
may  be  called  a  reac- 
tion turbine.  The  static 
pressure  of  the  head  CC 
can  still  be  transmitted 
Uirough    the    arms,    so  r«.t7*a. 
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that,  as  in  the  reaction  whct'I,  the  discharge  will  be  [nfluenced 
by  the  speed  of  rotation.  'ITie  general  arrangement  of  tht 
moving  purl  is,  however,  like  that  of  an  impulse  wheel,  ik 
vanes  being  set  between  two  annular  frames,  which  arc  attadud 


Fis.l7ti. 


r«,  ITfe. 


by  arras  to  a  central  axis.  In  Fig.  174a  is  a  vertical  sectioo 
showing  an  outward-flow  wheel  W  to  which  the  water  b 
brought  by  guides  G  from  a  fi-iied  penstock  P.  Between  the 
guides  and  the  wheel  there  is  an  annular  space  in  which  slides 


an  annular  vertical  gate  E;  this  serves  lo  rcgulatt-  the  quantity 
u(  water,  and  when  it  is  entirely  depressed,  the  wheel  stops, 
JIaiiy  other  forms  of  gatc-s  aix:.  however,  used  in  the  different, 
styles  of  turbines  found  in  the  market. 

In  Figs.  I74i  and  174f  arc  given  horizontal  and  vertical  sec- 
lioos  of  both  ihe  outward-  and  the  inward-llow  tjpes.  showing 
the  arrangement  of  guides  and  vanes.  The  fixed  guide  passages 
which  lead  Ihe  water  from  the  penstock  are  marked  G,  whik  the 
mov-ing  wheel  is  marked  \V.  It  is  seen  that  the  water  is  intro- 
duced around  the  entirt  circumference  of  the  wheel,  and  hence 
the  quantity  supplied,  and  hkewise  the  power,  is  far  greater  than 
in  the  impulse  wheels  of  the  last  chapter. 

In  order  Ihal  the  sialic  pressure  may  be  lran.smittcd  into  the 
wheel  it  is  placed  under  water,  as  in  Fig.  174a,  or  the  exit  oritices 
arc  jwrtially  closed  by  gates,  or 
the  air  is  prevented  from  enter- 
ing them  by  some  other  device. 

In  Fig,  174</  a  Leffcl  turbine 
of  the  inward-flow  type  Is  illus- 
trated, the  arrows  showing  the 
direction  of  the  water  as  it  enters 
and  leaves.  The  wheel  itself  is 
not  visible,  it  being  within  the 
inclosing  case  through  which  the 
water  enters  by  the  spaces  be- 
tween the  guides.  In  Fig.  174e 
is  shown  a  view  of  a  Hunt  tur- 
bine, which  is  also  of  the  inward- 
and  downward-flow  tj^e.  In 
both  cases  the  guides  arc  seen 
with  the  small  shaft  for  moving 
the  gales,  these  being  partly  raised 
in  Fig.  I74c  The  flange  at  the 
base  of  the  guides  serves  to  sup- 
port the  weight  of  the  entire  apparatus  upon  the  floor  of  the 
inclosing  penstock,  which  is  Med  with  water  to  the  level  of 


Fiit-  174c 
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the  head  bay.  The  cylinder  below  the  flange,  commonly  called 
a  draft-lube,  carries  away  the  water  from  the  wheel,  and  the 
level  of  the  tail  water  should  stand  a  tittle  higher  than  iu 
lower  rim  in  order  to  prevent  the  entrance  of  air  and  thiun- 
surc  that  the  wheel  may  act  as  a  reaction  turbine.  Iron  pen- 
stocks are  frequcjilly  used  instead  of  wooden  ones,  and  for  the 
pure  outward-  and  inward-flow  t>'pcs  the  wheel  is  often  pliced 
below  the  )e\'el  of  the  tail  race. 

Turbin«s  are  sometimes  placed  vertically  on  a  horisntal 
shaft.     Fig.  174/  shows  twin  Eureka  turbines  thus  arranged  in 


Fig.  17V. 


an  inclosing  iron  casing.  The  water  enters  through  a  lai^ 
]>i)»e  attached  to  the  cylinder  opening,  and  having  filled  Hit 
cylindrical  ca.ting,  it  passes  through  the  guides,  turns  the  wheels, 
and  escapes  by  the  two  elbows.  Large  twin  \'erticai  turbines  fur- 
nishing 1 2O0  horse-powers  have  been  installed  at  Niagara  Falls 
!>>■  ihe  James  Leffel  Company. 

All  reaction  turbines  will  act  as  impulse  turbines  when  from 
any  rause  the  pas&;igcs  between  the  v-anes,  or  buckets,  as  they 
are  generally  called,  arc  not  filled  with  water.  In  ibis  aise  the 
lhc^>ry  of  their  action  is  exactly  like  that  of  the  impube  wheels 
desirilKti  in  the  last  chapter.  In  Arts.  I75-I7S  reaction  turbini:s 
of  (he  simple  outward-  and  inward-flow  types  will  be  discussed, 
th«  tlownward-flow  t>'pe  being  rcservx'd  for  special  dcscriptioo 
In  Art,  I7». 

I'ft'tv  174.    Coiwutl  Engineering  Rrcord.  Feb.  s.  '898,  and 
lueltuik  uf  irgulating  ihc  speed  of  turbiocs. 
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Fig.  175. 


Art,  175.    Flow  through  Reaction  Tchbines 

The  discharge  through  an  impulse  turbine,  like  that  for  an 
impulse  wheel,  depends  only  on  the  area  of  the  guide  orifices  and 
the  effective  head  upon  them,  ur  q  =av  =  ay/2gh.  In  a  re- 
action turbine,  howe%'er,  the  discharge  is  influenceil  by  the  speed 
o(  revolution,  as  in  the  reaction  wheel,  and  also  by  the  areas  of 
the  entrance  and  exit  orifices.  'I'o  find 
an  expression  for  this  discharge  let  the 
wheel  be  supposed  to  be  placed  below 
the  surface  of  the  tail  water,  as  in  Fig. 
175.  Let  h  be  the  total  head  between 
the  upper  water  lc\'el  and  that  in  the 
tail  race,  /?i  the  pressure-head  on  the  exit 
orifices,  ami  //  the  pressure-head  at  the 
gate  ojK'ning  as  indicated  by  a  piezom- 
eter supposed  to  be  there  inserted.  Let 
Ki  and  u  be  the  velocities  of  the  wheel  at 
the  exit  and  entrance  circumference,  which  have  radii  f,  and  r 
(Fig.  174i).  Let  Vi  and  V  be  the  relative  velocities  of  exit  and 
entrance,  and  Vo  be  the  absolute  velocity  of  the  water  as  it 
leaves  the  guides  and  enters  the  wheel ;  the  entering  velocity  Vq 
may  be  leas  or  greater  than  y/jgh,  depending  upon  the  value 
of  the  presaurc-hcad  //.  Let  fl|,  a.  and  do  be  the  areas  of  the 
orifices  normal  to  the  directions  of  V\,  V,  and  Ho.  Now,  neglect- 
ing all  losses  of  friction  between  the  guides,  the  theorem  of 
Art.31,  that  prcisurc-head  plus  velocity-head  equals  the  total 
head,  gives  the  cc^uation . 

Also,  neglecting  the  friction  and  foam  in  the  buckets,  the  cftrrc- 
spon<ling  theorem  of  ."Vrt.  162  gives 

3g  3g  3g         3g 

Adding  these  equations,  the  pressure-heads  ff|  and  U  disappear, 
and  there  results  the  formula 

K.'-r'  +  yo'=3«A  +  w,'-«i»  (175). 
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Now,  since  the  buckets  arc  fully  filled,  the  same  quantitj'  c( 
water,  q,  passes  in  «ich  second  thruugli  each  of  the  areas  i). 
a,  and  a^,  and  hence  the  three  velocities  through  these  areas  bavt 
the  respective  values, 

r,  =  ^.        F  =  ff,        1-0  =  * 
ai  a  Co 

Introducing  these  values  into  the  formula  (175}i,  st^vb);  for  j. 
and  multiplying  by  a  cocfEcicnt  c  to  account  for  losses  in  leakage 
and  friction,  the  discharge  per  second  is 


075), 


*       TTTTT 

'^  fl,»     a^     a,? 

Tbis  is  the  formula  for  the  flow  through  a  reaction  turbine  when 
the  gate  is  fully  raised.  ITie  reasoning  applies  to  an  inward-flo» 
as  well  as  to  an  outward-flow  wheel.  In  an  outward-ilow  (ur1)iiK 
«,  is  greater  than  «,  and  consequently  the  tlischari^  incrcaws 
with  till-  sjx-ed ;  in  an  inward-How  turbine  m  is  Il-ss  than  «.  ami 
consequently  the  discharge  decreases  as  the  speed  increasiS- 

The  value  of  the  coefiiclem  c  will  usually  vary  with  the  hcad,util 
also  with  thf  s=iw  of  the  areas  Hi,  a.  and  do.  When  a  turbine  has  been 
tested  by  the  methods  of  Arts.  H7-l*)0,  and  the  areas  havr  been  meas- 
ured, the  values  of  c  for  different  sjiccds  may  hi-  computed.  For 
example,  take  the  outward-flow  Boyden  turbine,  testa  of  which  at  InD 
gate  ari:  given  in  .Art.  loO,  Thtr  measured  dimensions  and  angles  of 
this  wheel  arc  as  follows : 


I 


Outer  radius  of  wheel 
Inner  radius  of  wheel 
Oul<T  radius  of  guide  ease 
Outer  depth  of  buckets 
Inner  depth  of  buckets 
Outer  area  of  buckets 
Inner  area  of  buckets 
OutiT  ar«i  of  guide  orifices 
Exit  angle  of  buckets 
Entrance  angle  of  buckets 
Entrance  angle  of  guides 


'1  =  3-3167  (ect 
r  =  3.6630  feet 
fo  =  3.591 1  (cct 
rfi  =  0.71a  feet 
4  =  0.741  feet 
di  =  4.61  square  feet 
fl«  la.n  square  feet 
(7i)  =  4.76  square  feel 
/3=  1,5.5  degrees 
^  B  go  degrees 
«  =  14  degrees 


Number  of  buckets  52,  number  of  guides,  31 
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Inserting  in  tlie  above  formula  the  values  of  tij,  a,  and  an,  placing  for 
«,*—  «*  its  value  ( jStw-V)*  (ri'—  f  ■),  where  A'  is  the  number  of  revolutions 
per  minute,  it  reduces  to 

^  =  3.44^y/2gh  +  o.04  8IV' 

From  this  the  value  of  (  may  be  computed  for  each  of  the  seven  exper- 
iments, and  the  following  tabulation  shows  the  rt^sulis,  the  first  four 
columns  giving  the  number  of  the  exjieriment,  the  observed  head,  num- 
ber of  revolutions  per  minute,  and  <liAcharge  in  cubic  feel  per  second, 
The  fifth  column  gives  the  theoretic  discharge  computed  from  the 
above  formula,  taking  the  coefficient  ati  unity,  and  the  last  column 
is  ilerived  by  divith'ng  the  observed  discharge  q  by  the  theoretic  dis- 
charge Q.  The  discrepancy  of  s  or  6  percent  is  smaller  than  might 
be  expected,  since  the  formula  dots  not  consider  (rictional  resistances. 


So. 

* 

N 

« 

e 

e 

31 

<r>i<i 

6S.S 

It  7.01 

ijj.« 

0950 

ao 

i;.»7 

70.0 

118.37 

isS.a 

O.04S 

»» 

'7-3J 

7SO 

iiQ'SS 

116.$ 

O.043 

It 

ir-M 

8»a 

iii.ij 

tlS.4 

0.944 

17 

tj.it 

86.0 

131.41 

IJO.O 

0.041 

16 

ij.n 

M-J 

IH.74 

»3»-S 

0.941 

»5 

17.10 

lOO.O 

1S7.73 

134-0 

0.947 

A  SAtlsfactor}'  formula  for  the  discharge  through  a  turbine  when 
ihc  gate  is  putly  depressed  if-  dil!icull  to  deduce,  because  the  loss  of 
head  which  then  results  can  only  be  expressed  by  the  helji  of  expert* 
ment»l  coefTicienls  similar  to  those  given  in  Art.  92  for  the  sliding  gate 
in  a  water  pipe,  and  the  values  of  these  for  turbines  are  not  known. 
It  h,  however,  ceruin  that  for  each  particular  gate  opening  the  dis- 
cha^c  is  given  by  /    ,  ,     . — x 

in  which  m  depends  ii]Kin  the  areiis  of  the  orihc«s  and  the  height  to 
which  the  gate  is  raised.  For  instance,  in  the  tests  of  the  above  Boy- 
den  turbine  the  mean  value  of  m  for  full  gate  opening  is  3.35,  but  when 
the  gate  was  only  sw-tenths  open,  its  value  was  i.8i,  ami  when  the 
gate  wiis  iwo-teiiths  0[>en,  its  value  was  i..}6.  Each  form  and  si^e  of 
reaction  turbine  ha&ttsown  values  of  m,  depending  upon  the  area  of  its 
orifices,  and  when  these  have  been  determined,  a  turbine  may  be  used 
as  a  water  meter  to  measure  the  discharge  with  a  fair  degree  of  precision. 

Prob.  175.  Connilt  Francis' Lowell  Hydraulic  ExperimcnU.  pp.  67-75, 
and  compute  the  coefficient  m  (or  experiment*  30  and  31  on  the  center- vent 
Boott  turbine. 
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Akt.  176.    Theory  of  Reaction  Tukbinks 

The  theory  of  reaction  turbines  may  be  said  to  include  [«o 
problems:  first,  given  all  the  dimension:^  of  a  turbine  and  the 
head  under  which  it  works,  to  determine  the  maximum  cffidax^-, 
and  the  torrespijiidtng  speed,  discharge,  and  power;  and  scomt 
having  given  the  head  and  the  quantity  of  water,  to  design  t 
turbine  of  high  elTicit-ncy.  This  article  deals  only  with  the  finl 
problem,  and  it  should  be  said  at  the  outset  that  it  cannot  be 
fully  solved  theoretically,  even  for  the  best -conditioned  wh«k 
on  account  of  losses  in  foam,  friction,  and  leakage.  The  iovtsti- 
galion  will  be  limited  to  the  aise  of  fuU  gale,  since  when  the  gale 
is  partially  <iepres.scd,  a  loss  of  energy  results  from  the  sudden 
exiiansion  of  the  entering  water. 

The  notation  will   be  the  same  as  that  used   in  ChaiB.  U 
and  12,  and  as  shown  in  Figs,  llib  and  174c;  the  reasoning  vill 
apply  to  both  outward-  and  inward-tlnw  turbines.     Let  r  be  the 
radius  of  the  circumference  where  the  water  enters  the  whed  anil 
r,  that  of  the  circumference  where  it  leaves,  let  u  and  ut  be  tb 
corresponding  velocities  of  revolution;    then  uri  =  u\t.    LeXu 
be  the  absolute  velocity  with  which  the  water  leaves  the  guides 
and  enters  the  wheel,  and  V  its  velocity  of  entrance  relative  to  ihc 
wheel;    let  «  be  the  approach  angle  and  0  the  entrance  angle 
which  these  velocities  make  with  the  direction  of  u.     At  the  exit 
circumference  let  V\  be  the  relative  velocity  with  which  the  water 
leaves  the  guides,  and  i-t  iLs  absolute  velocity ;  let  >9  be  the  exit 
angle  which  Vt  makes  with  this  circumference.    Let  ao,  a,  and  Ot 
be  the  areas  of  the  guide  oritioes,  the  entrance,  and  the  exit  orifices 
of  the  wheel,  respectively,  measured  perpendicular  to  the  direc- 
tions of  Pn.  I',  and  Vt.    Lei  d^.  rf,  and  d\  be  the  depths  of  these 
orifices ;  when  the  gate  is  fully  raised,  rfo  becomes  equal  to  d. 

'ITie  areas  o«,  a,  Hi,  neglecting  the  thickness  of  the  gtiides  and 
vanes.  an<l  taking  the  gate  as  fully  open,  have  the  values 

<ia  =  2vrd  sina  a  =  2irrdsin^  ai  =  inridi  ^xiS 

and  ance  these  areas  are  fully  filled  with  water, 

q  =  Vf  Jvrd  sin*  =  V  ■  nerd  sin^  =  Vi  ■  iridi  sin/9  (176) 
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liese  relations,  together  with  the  formulas  of  the  last  artide 
:in(l  the  geometrical  conditions  of  the  ]>ara1lelogra.ms  of  velocities, 
include  the  entire  theory  of  the  reaction  turbine. 

In  order  that  the  efficiency  of  the  turbine  may  be  as  high  as 
possible  the  water  must  enter  tangentially  to  the  vanes,  and  Ihc 
absolute  velocity  of  the  issuing  wiitcr  must  be  as  small  as  possible. 
The  first  condition  will  be  fulfilled  when  u  and  vo  arc  proportional 
to  the  sines  of  the  angles  ^  —  a  and  if>.  '['he  second  will  be  se- 
cured by  making  Ki  =  Vi  in  the  parallelogram  at  exit,  as  then 
the  diagonal  Pi  becomes  very  small.     Hence 

«     sin(^  —  a) 
Va         sin0 

"^rc  the  two  conditions  which  should  obtain  in  order  that  the 
hydraulic  efficiency  may  be  a  maximum. 

Now  making  K|  =  «i  in  the  third  quantity  of  (176)|  and 
equating  it  to  the  lirst,  there  results 

JH       rtf  sintt  __.,  it       rVsina 


Ui=V, 


(176), 


and         -  = 


Vo 


fit/i  sin^  ro     fi^d  sinyS 

Also  making  Vi  =  u,  m  (I75)i  and  substituting  for  V  its  value 
1^  +  "o*  —  3UVo  cosn  from  the  triangle  at  A  between  u  and  Vo, 
there  is  found  the  important  relation 

tfl'o  co-sft  =  ^A  (l76)s 

which  gives  anuther  condition  between  u  and  vn.  The  velocity 
I'o,  with  which  the  water  enters,  hence  depends  upon  the  speed  of 
the  wheel  as  well  as  upon  the  head  h. 

Thus  three  equations  between  two  unknown  quantities  u  and 
v«  have  been  deduced  for  the  case  of  maximum  hydraulic  efficiency, 
namely, 

H     sinf^  — «)  Ji       r*d  sinit  _        eh 

Vo         sjuv  fo     n  oi  sm/J  cos« 

If  the  values  of  the  velocities  u  and  Uo  be  found  from  the  first  and 

third  equations,  they  are 


\     cosa  sin^ 


Pi,! 


■^/ 


gA  ain^ 


COS"  sin(^  —  «) 


(176)* 
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the  first  of  which  is  the  advantageous  velodty  of  th«  circumferwict 
where  the  water  enters,  and  the  second  is  th«  absolute  vclotil) 
with  which  the  water  leaves  the  guitics  and  enters  the  whet!. 
In  order,  however,  that  these  expressions  may  be  correcl.  the 
first  and  second  values  of  u/vo  must  aliio  be  equal,  and  hence 

mh(^  —  cij  _  f^f/sina 
sin<#'  riVi  iinff 


(176). 


wliich  is  the  necessary  relation  between  the  dimensions  and 
atifilcs  of  the  wheel  in  order  that  this  theory-  may  apply. 

For  a  (urbiiti-  so  constructed  and  rumiinj;  at  the  advantageous 
speed  the  theoretic  hydraulic  efficiency  is 

2gh  gh 

and  substituting  for  ui  its  value  in  terms  of  M  from  (]76)i,  and 
having  rejpird  to  (I76)i.  this  becomes 


2Mi'  sin'  \& 


e  =  I tana  tan  J>9 


(176), , 
OoDih  and  lastly 


The  discharge  under  the  same  conditions  is  q 
the  work  of  the  wheel  per  second  \sk  =  wqke. 

The  result  of  this  invesIiKaiion  is  that  the  general  problem  of 
investigating  a  given  turbine  cannot  be  solved  iheoretKatly,  unless 
It  be  so  built  as  to  approxiniately  satisfy  the  condition  in  (176)(. 
If  this  be  the  case,  it  may  be  discussed  by  the  formulas  deduted.     Even 
then  no  very  satisfactory  conclusions  can  be  drawn  from  the  numerical  ^ 
values,  since  the  formulas  do  not  take  into  account  the  loss  by  frici'c 
and  that  of  leakage.     To  determine  the  actual  efficiency,  best  speed; 
and  power  of  a  given  turbine,  the  only  way  i.s  to  actually  test  it  by  the 
method  described  in  Art.  149,     The  above  formulas  arc,  howc\'er,! 
of  great  value  in  the  discussion  of  the  tleM^  of  turbines.      Xtorel 
exact  formulas,  from  a  theoretical  standpoint,  may  be  derived  by  using' 
the  condition  V,  —  «,  cosjS  instead  of  l\  =  w,  to  determine  the  exit 
velodty  Vj  (Art.  168),  but  these  are  very  oom|i!ex  in  form,  and  numeri- 
cal values  computed  from  them  differ  but  Utile  from  those  found  from 
the  formulas  here  established. 

When  the  ooefficieiit  of  diiicbarge  of  a  turbine  is  known  (Art J 
175)i  the  advantageous  sjKvd  and  corresponding  dischar;g(:  may  ImJ 
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computed.    For  thi*  [Hitiiose  the  TOndition  Mi  =  I',  =?/aj  is 
used.    Inserting  in  this  the  value  of  q  from  (17.i)i  and  solving 
for  K„  there  is  found 

<^-  3gh 

n      Bo"     a' 

which  gives  the  advantageous  vt-iocity  of  the  circumference  where  the 
water  leaves  the  wheel,  and  then  by  (175),  Ihe  discharge  can  he  oh- 
tainMl.  .\f,  an  example,  take  the  case  of  Holyoke  test  No.  175,  where 
r,  =  2^\  inches,  r  =  jii  inches,  b  =  13,8  feet,  ng  =  a,o66,  a  =  5.516, 
<(,  =  1-94')  s^iuui'e  feet,  n  =  J^Y,  i>  —  Q0°,  ff  =  iii".  Assuming 
e  =  0.9s.  as  the  turbine  is  similar  to  that  investiRated  in  the  !a.st 
article,  the  above  formula  Rive*  «,  =  31.24  feet  per  second,  which  cor- 
rcsjxutds  to  130  revolutions  per  minute,  and  this  agrees  well  with  the 
actual  number  i^S.  The  efficiency  found  by  the  tent  at  that  itpeed  was 
0.79,  which  is  u  \-vry  much  less  value  than  the  abo^-e  theoretic  formula 
gives,  since  this  fonnuta  wu^  derived  without  taking  inlo  account  the 
friction  losses  within  and  without  the  wheel. 

Prob.  176.  For  the  cnsc  of  the  Iml  problem  r  =  4.67,  rt  =  3.Q5, 
d  ■  1,01,  rf,  ■  1.13,  k  =  13.4  feel,  a  =  €)".$,  ^  -  119%  fi  =  11°.  Compute 
the  arcnx  im  <i,  <i\,  and  the  advnnlngcnus  speed.  Compute  also  the  velocity 
with  which  the  water  enters  the  wlieel. 


Art.  177.    Design  of  Reaction  Turbines 

The  design  of  an  outward-  or  inward-flow  turbine  for  a  given 
head  and  discharge  includes  the  determination  of  Ihe  dimensions 
r,  T%,  d,  d\,  and  the  angles  a,  /S,  and  ^.  These  may  be  selected  in 
very  many  diffeniit  ways,  and  the  formulas  of  the  last  article 
furnish  a  guitic  how  to  make  a  selection  so  as  to  secure  a  high 
degree  of  elTidency. 

First,  it  is  seen  from  (176)b  that  the  approach  angle  a  and  the 
exit  angle  &  should  be  small,  but  that,  as  in  other  wheels,^  has 
a  greater  influence  than  «.  However,  $  must  u-sually  be  greater 
for  an  inward-flow  than  for  an  outward-flow  wheel  in  order  to 
make  the  orifices  of  exit  of  suiTicient  size.  For  the  entrance  angle 
1^  a  good  value  is  tycf.  and  in  this  case  the  velocity  u  is  always  that 
due  to  one-half  the  head,  as  seen  from  (176}(.    The  radii  r  and  r\ 
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should  not  differ  too  mucli,  as  then  the  frictional  resistance  of  t 
flowing  water  and  the  moving  wheel  would  be  Urge.     It  is 
Been  that  the  efTicicncy  is  increased  by  making  the  exit  depth  rfi 
greater  than  the  entrance  depth  rf,  but  usually  these  cannot  greatly 
differ,  and  arc  often  taken  equal. 

Secondly,  it  is  seen  that  the  dimensions  and  angles  should  be 
such  as  to  satisfy  the  formula  (176)»,  since  if  this  be  not  the  case 
losses  due  to  impact  at  entrance  will  occur  which  will  render  the 
other  formulas  of  little  value. 

Most  Amtrican  reaction  turbines  are  of  a  modified  ijiward-flow] 
type  in  which  ihc  direction  of  the  entering  water  is  at  first  inwarj] 
and  then  downward  as  in  Fig.  ]74d.    The  design  of  these  can  soircelyj 
be  made  by  theoretical  rules,  but  must  mostly  depend   upon  the  I 
results  of  tests  of  wheels  pre\-iou»ly  built,  the  effort  tn  each  inipn>ve<  | 
mcnt  being  to  Increase  the  efficiency.    Such  turbines  are  made  by 
(lilTereiit  manufacturers  in  mAny  different  tjpes  and  sizes,  and  An. 
181  liEivcs  the  practical  method  of  selecting  one  to  fuUil  required 
conditions. 

Prob.  177.  To  design  an  outward-flow  turbine  which  shall  u»c  t:o 
cubic  feel  per  Kcond  under  a  bead  of  i8  (cct  and  nuke  too  revolutions 
per  minuic,  Icl  the  enlrance  ansle  *  be  l.ikcn  »t  oo*.  Show  that  the 
ad^aiilageous  velocity  o(  ihe  inner  ctrcunifeience  of  the  wheel  is  34  feci 
IKr  m:cor<1  ami  hence  thai  the  inner  radius  should  be  3.3  (eel. 

Art.  178.    Downward-flow  Turbines 

Downward-  or  parallel-flow  turbines  are  those  in  which  Ihel 
water  passes  through  the  wheel  without  changing  its  distance  fron*  j 
the  axis  of  revoUi- 


I 


fiK   1780, 


■■=^P>. 


and  also  a  develop- 
ment of  a  portion 
of  a  cylindrical  section  showing  the  inner  arrangement.     TTic 
formula  for  the  discharge  can  be  adapted  to  this  by  making 
tti  =  «.    In  this  turbine  there  is  no  action  of  cenlrifugal 
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^^ 


t^. 


So  that  the  relative  exit  velocity  Vi  is  equal  to  the  relative  en- 
trance velocity  V. 

The  great  advantage  of  this  form  of  turbine  is  that  if  can  be 
set  some  distance  above  the  tail  race  and  still  obtain  the  power 
due  to  the  total  fall.  This  distance  cannot  exceed  34  feet,  the 
height  of  the  water  barometer,  and  usually  it  docs  not  exceed 

25  feet.  Fig.  1786  shows  in  a  dia- 
grammatic way  a  cross-section  of  the 
penstock  /*,  ihe  guide  passages  G, 
the  wheel  It',  and  the  air-tight  draft 
tube  T.  from  which  the  water  es- 
capes by  a.  gate  E  to  the  tail  race. 
The  pressure-head  II,  on  the  exit 
orifice  is  here  negative,  so  that  the 
air  pressure  equivalent  to  this  head 
is  added  to  the  water  pressure  in 
the  penstock,  and  hence  the  discharge 
through  ihe  guides  occurs  as  if  the 
wheel  were  set  at  the  level  of  the  tail 
race.  Strictly  speaking,  a  vacuum, 
more  or  less  complete,  is  formed  just 
below  the  wheel  into  which  the  water 
drops  with  a  low  absolute  velocity, 
having  surrendered  to  the  wheel 
nearly  alt  its  energy.  Oraft  lubes 
are  also  often  used  with  inward-tlow  turbines  when  these  are  set 
above  the  tail  race. 

Let  h  be  the  total  h^ad  between  the  water  le\fl«  in  the  h«d  and 
tail  races,  ^o  the  depth  of  the  entrance  oriliccs  of  the  wheel  below  the 
Upper  level,  /i,  the  vertical  heijiiht  of  the  wheel,  and  A,  the  lieighl  of  the 
exit  orifict^  above  the  tail  race;  so  that  A  =  Ao-f //i-^Aj.  Let  //  and 
Hi  be  the  head«  which  measure  the  absolute  pressures  at  Ihe  entrance 
and  exit  orifice  oF  the  wheel,  and  h,  the  height  of  the  n'ater  barometer. 
Let  n,  be  the  absolute  velocity  with  which  the  water  leaves  the  ({uides 
anti  enters  the  vanes,  and  V  and  I',  the  relative  velocities  at  entrance 
and  exit.    Then  from  the  theorem  of  energy  in  steady  flow  (Art.  31), 


Kg.  J7fift. 
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Vi'-'V+agilH+H-B^ 
Adding  these  two  equatioiis  there  results 

But  Aa  —  Hi  is  equal  to  As,  and  hence 

This  formula  is  the  same  as  (175)iif  m  be  made  equal  to  iti,  and  hence 
all  the  iormulas  of  the  last  three  articles  a!pp\y  to  the  downward-flow 
reaction  turbine  by  making  equal  the  velocities  u  and  «i,  as  also  the 
radii  r  and  ri- 

Piob.  178.  A  downward-flow  turbine  with  draft  tube  has  its  eiit 
orifice  7.5  feet  above  the  level  of  the  tail  race  and  it  uses  93  cubic  feet  of 
water  per  second  under  a  head  A  of  27  feet.  What  is  its  horse-power  when 
the  efficiency,  as  measured  by  the  friction  bt^e,  is  78  percent  ? 

AxT.  179.    JMPxnse.  Tdrbines 

Whenever  a  turbine  is  so  arranged  that  the  rhann^ls  betwera 
the  vanes  are  not  fully  filled  with  water,  it  ceases  to  act  as  a 
reaction  turbine  and  becomes  an  impulse  turbine.  A  turbine 
set  above  the  level  of  the  tail  race  becomes  an  impulse  turbine 
when  the  gate  is  partially  lowered,  unless  the  gates  are  arranged 
so  as  to  cover  the  exit  orifices  instead  of  being,  as  usual,  in  front 
of  the  entrance  orifices. 

The  theoretic  velocity  with  which  the  water  leaves  the 
guides  in  an  impulse  turbine  is  simply  V  2gAo,  where  ho  is  the 
head  on  the  guide  orifices.  The  rules  and  formulas  in  Art. 
168  apply  in  all  respects,  and  for  a  well-designed  wheel  the 
entrance  angle  *  is  double  the  approach  angle  a,  the  advantage- 
ous speed  and  corresponding  hydraulic  efficiency  are 

V  2  coS'^q:  \  r  cosa  / 

while  the  discharge  is  9  =  floV  25A0.  and  the  work  of  the  turbine 
jxT  second  is  A  =  k'A^oc.  Impulse  turbines  are  but  little  used 
]■'  camparison  with  reaction  turbines. 


Impulse  Turbin«8.    Art.  160 
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Impulse  turbines  rovoK'c  more  slowly  than  reaction  turbines 
under  the  same  heaii,  but  the  relative  entrance  velocity  V  is 
greater,  and  hence  more  energy  !s  liable  to  be  spent  in  shock  and 
foam.  In  impulse  turbines  the  entrance  anRlc  0  should  be  double 
the  approach  angle  a,  but  in  reaition  turbines  it  is  often  greater 
than  sa,  and  its  value  depends  upon  the  exit  angle  ff;  hence  the 
vanes  in  impulse  turbines  are  of  fthari»<-'r  curvature  for  the  same 
values  of  a  and  ff.  In  impulse  turbines  the  efficiency  is  not  low- 
ered by  a  partial  closing  of  the  gates,  whereas  the  sudden  enlarge- 
menl  of  section  causes  a  material  loss  in  reaction  turbines.  Tlie 
advantageous  speed  of  an  impulse  turbine  reniain.s  the  same  for 
all  portions  of  the  gate,  but  with  a  reaction  turbine  it  is  x-cry  much 
slower  at  part  gate  than  at  full  gate.  For  many  ktnd&  of  machin- 
ery it  is  important  to  maintain  a  coiiBtanl  speed  for  different  amounts 
of  power,  and  with  a  reaction  turbine  this  can  only  I>e  done  by  a 
great  loss  in  efficicncj-.  When  the  water  supply  is  low.  the  impulse 
turbine  hence  has  a  marked  advantage  in  efficiency.  A  farther 
merit  of  the  impulse  turbine  h  ihal  it  may  be  arranged  so  that 
water  enters  only  through  a  part  of  the  guides,  while  this  is  impossible 
in  reaction  turbines.  On  ihe  oIIilt  hiind,  reaction  turbines  can  be 
set  l«;low  the  level  of  the  tail  race  or  above  it,  using  a  draft  lube  in 
the  latter  caw-,  and  still  secure  the  jKiwer  due  to  the  total  fall,  whereas 
an  impulse  turbine  must  always  be  set  above  the  tail-nce  level  and 
loses  all  the  fall  between  that  level  and  the  guide  orifices. 

Prob.  1 79.  An  outward-flow  Impulse  turbine  is  to  u*e  i  lo  cubic  feet 
per  second  under  s  head  of  i8  (cet  ami  make  ;;  rcvolDiions  per  minute. 
Show  ih.tt  the  enlrancc  angle  *  should  be  nbout  4^"  if  the  inner  radius 


m 


wheel  is  J. 5  feet. 

AST.  180. 


Special  Devices 


Many  desHccs  to  increase  the  efficiency  of  reaction  turbines, 
particularly  at  part  gate,  have  been  proposed.  In  tho  Fourncy- 
ron  turbine  a  common  plan  is  to  divide  the  wheel  int<i  three  parts 
by  horizontal  partitions  between  the  vanes,  so  that  these  arc 
completely  filled  with  water  when  the  gate  is  cither  nne-third 
or  two-thirds  closed  (see  Fig.  I82d).  The  surface  exposed  to 
friction  is  thus,  however,  materially  increased  at  full  gate. 

The  Boyden  <liffuscr  is  another  device  used  with  outward-flow 
rcaclion    turbines.      Thi.'i   consLits   of   a   fixed   wooden   annular 
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frame  />  placetj  around  the  wheel  W,  tliTough  which  the  water 
must  pass  alter  exit  from  the  wheel.    Its  mdth  ia  about  four  or 

five  limes  that  of  the  whe«I,  and 
at  the  outer  end  its  depth  becomes 
;\bout  double  that  of  the  wheel. 
The  effect  of  this  ts  like  a  draft 
tube,  and  although  the  absolute 
velocity  of  the  water  when  issuing 
from  the  wheel  is  greater  than  be- 
"*■  ''*'"  fore,  the  absolute  velocity  of  the 

water  coming  out  of  the  diffuscr  is  less,  and  hence  a  greater 
amount  of  energ)-  is  imparled  to  the  turbine.  It  has  been 
shown  above  that  the  efficiency  of  a  reaction  turbine  is  increased 
by  making  the  exit  (li.i>lh  tU  greater  than  the  entrance  depth  rf. 
and  the  fixed  diffuscr  produces  the  same  result.  By  the  use  of 
this  dilTuser  Boyden  increased  the  cffidcncj-  of  the  Foumeyron 
reaction  turbine  several  percent. 

TIic  pneumatic  turbine  of  Girard  was  devised  to  overcome 
the  loss  in  reaction  turbines  due  to  a  partial  closing  of  the  gate. 
The  turbine  was  inclosed  in  a  kind  of  bell  into  which  air  could 
be  pumped,  thus  lowering  the  lail-water  level  around  the  wheel. 
At  part  gate  this  pump  is  put  into  action,  and  as  a  consequence 
the  air  is  admitted  into  the  wheel,  and  the  water  flowing  through 
it  docs  not  fill  the  spaces  between  the  vanes.  Hence  the  action 
becomes  like  that  of  an  impulse  turbine,  and  the  full  efficiency 
is  maintained,  although  power  is  lost  in  compressing  the  air. 

At  a  high  stage  of  the  stream,  when  water  flows  to  waste 
over  the  dam,  backwater  usually  lessens  the  available  fall  and 
power.  To  increase  that  fall  and  power,  Herschcl  in  1908 
di'viscd  and  tested  at  the  Hnlyoke  testing  flume  the  plan  of 
connecting  the  lower  end  of  the  turbine  draft  tube  to  a  chamber 
wherein  a  (mrtial  vacuum  is  produced  by  causing  part  of  the 
waste  to  flow  through  a  lube  shaped  like  the  Venturi  meter, 
suitable  conitrcUoD  being  made  between  the  throat  of  this  tube 
and  the  vacuum  chamber.  This  device,  called  "  the  fall  in- 
CKaacr,"  gives  greater  available  power  at  high-water  stages, 
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since  the  vacuum  head  ho  is  added  lo  the  head  A  between  the 
upper  and  lower  water  levels  and  thus  the  discharge  tlirough 
the  turbine  is  increased.* 

The  screw  turbint.-  coii»ist»  of  one  or  two  turns  of  a  helicoid-il 
surface  around  a  vertical  shaft,  the  screw  being  inclosed  in  a  cylin- 
drical case.  .\t  a  point  where  the  water  enters  on  the  hrUcoidal 
surface  its  downward  pressure  can  be  resolved  into  two  components, 
a  relative  wloclly  V  parallel  to  the  surface  and  a  horizontal  velocity 
H  which  corresponds  to  the  velocity  of  the  wheel.  At  the  exit  it 
can  l>e  resolved  in  like  manner  into  I't  and  U|.  But,  as  in  other  cases, 
the  condition  for  high  efficiency'  is  ui  =  V\,  and,  »ncc  the  water 
moves  parallel  to  the  axis  »■  =  u.  .Applying  the  general  formula 
of  Art.  175,  it  is  seen  that  this  c;in  only  occur  when  the  head  k  is 
zero  or  when  the  velocity  m  is  infinite.  The  screw  turbine  i*  hence 
like  a  reaction  wheel  and  high  efficiency  can  never  practically  be 
obtained  by  its  use. 

Of  all  the  special  de\'ice9  for  increasing  the  power  ol  turbines 
that  of  the  draft  tube  has  proved  the  most  valuable.  Increasing 
the  depth  of  the  exit  orifices  also  increases  the  hydraulic  cffici- 
cnc>"  of  the  outward-  or  inward-flow  turbine,  as  formula  (l76)a 
shows.  The  common  American  reaction  turbine  is,  however, 
of  a  mixed-flow  tj-pe,  the  direction  of  flow  of  the  water  through 
it  being  first  inward  and  then  downward.  In  the  more  modem 
st>'}es  of  these  the  area  of  the  exit  orifices  is  increased  so  that 
part  of  tlie  water  may  turn  outward  at  its  exit  as  shown  by 
the  arrows  in  Fig.  174ii;  this  is  accomplished  by  proper  curves 
of  the  buckets  so  that  the  lower  part  of  the  bucket  case,  or 
runner  as  it  is  often  called,  is  larger  in  diameter  at  the  exit 
than  at  the  entrance,  as  seen  in  Fig.  182. 

Turbines  for  ordinar)'  requirements  of  power  and  speed  arc 
kept  in  stock  by  manufacturers  and  may  be  obtained  at  short 
notice;  Art.  181  pives  information  with  regard  to  the  selection 
of  such  stock  turbines.  \'cry  laree  turbines.  howe\'er,  are 
specialty  designed  by  experts  for  the  data  and  requirements  of 
each  particular  ciise;  Art.  182  gives  notes  regarding  some  large 
tuibines  which  have  been  erected  since  1895. 

*  ffari'ard  EnginecHng  Joumot,  June,  1908. 
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Frob.  180.  Consuk  Iron  Age,  Much  13, 1913,  and  ucertun  the  qwdsl 
arrangements  used  for  admitting  tlie  water  to  the  great  turbioea  of  the  i^ant 
at  KeokuJt  on  the  MisBissippi  River. 

Art.  181.    TifPE  Chasactexistics 

Ttirbines  are  of  the  same  type  when  they  differ  <Hily  in  size, 
they  being  in  all  other  respects  geometrically  similar.    A  tur* 
bine  manufacturer  usually  has  several  different  types,  and 
of  each  type  there  are  six  or  more  sizes.    The  types  may  vary 
in  number  of  guides  and  buckets,  in  their  thickness,  in  their 
angles  at  entrance  and  exit,  and  in  the  ratio  of  entrance  to 
exit  orifices.    But  in  all  the  ^zes  of  a  given  ^pe  the  number 
and  angles  of  guides  and  buckets  is  the  same,  linear  dimenskms 
vary  as  the  diameters,  and  areas  of  entrance  and  exit  vary  as 
the  squares  of  the  diameters.    By  the  diameter  of  an  outward- 
or  inward-flow  turbine  is  meant  the  diameter  of  the  buckets 
where  the  water  enters,  or  it  is  double  the  radius  r  of  the  preced- 
ing formulas.    For  a  downward-  or  mixed-flow  turbine  the 
diameter  may  be  any  dimension  coimected  with  the  radial  direc- 
tion, it  being  taken  for  a  given  type  always  between  the  same 
definite  points.    In  turbine  catalogs  the  word  size  is  generally 
used  instead  of  diameter. 

The  speed  of  a  turbine  b  the  number  of  revolutions  per 
minute,  and  the  best  or  advantageous  speed  is  that  which  gives 
the  maximum  hydraulic  efficiency.  All  turbines  of  the  same 
type  have  the  same  advantageous  speed  and  the  same  hydraulic 
efficiency  under  a  given  head;  thus,  for  an  outward-  or  inward- 
flow  turbine,  formula  ( 176)4  gives  the  same  velocities  for  a  given 
h,  and  fonnula  (l76)(i  gives  the  same  efficiencies  for  all  sizes  of 
a  given  type. 

The  advantageous  speeds  of  two  turbines  of  the  same  tj-pe, 
under  the  same  head,  are  inversely  as  their  diameters.  Let 
A"  and  N"  be  the  number  of  revolutions  per  minute,  and  D* 
and  D"  the  diameters.  Then  the  velocities  at  the  extremities 
of  the  diameters  arc 

«'  =  2tD'N76o       «"  =  2tD"N"/6o 
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Now  from  the  fortnuU  {176)»  the  vt-Iocilics  «'  and  h"  arc  equal 
lo  ihc  same  constant  function  of  h  and  the  angles,  hence  D'N' 
=  D"N".  or 

N'/N"  =  i)"/D' 

that  is,  under  the  same  head,  the  speeds  of  different  sizes  of 
the  same  Ijpc  are  inversely  as  their  diameters.  Thus,  if  a 
20-inch  turbine  has  330  revolutions  per  minute  for  its  best 
speed  under  a  head  of  16  feet,  then  a  40-int;h  lurhine  of  the 
same  type  under  the  same  head  will  have  160  revolutions  per 
minute  for  its  best  speed. 

Tho  discharges  through  two  turbines  of  the  same  t>pc  under 
the  same  head  are  propotUonal  to  the  squares  of  their  diameters. 
For  the  discharge  isq  =  a^ioa  (Art.  176)  in  which  vq  is  con.<itant 
and  Ho  varies  as  if,  hence,  under  the  best  speed  and  the  same 

head, 

q'ff  =  {D'fiy'Y. 

Thus,  if  a  30-inch  turbine  under  a  head  of  16  feet  vscs  33 
cubic  feet  of  water  per  second,  then  a  40-inch  turbine  of  the 
same  t.vpe  under  the  same  head  will  require  ia8  cubic  feci  per 
second. 

The  horse-powers  of  two  turbines  of  the  same  type  under 
the  -same  head  arc  also  proportional  to  the  squares  of  their 
diameters,  ance  the  work  is  proportional  to  q  when  A  is  a  con- 
stant; hence  if  UP  and  UP    be  the  horse-powers, 

WIUP"  =  W'lD'y 

Thus,  il  a  so-inch  turbine  under  a  head  of  16  feet  delivers  12 
horse-power,  tlicn  a  40-inch  turbine  of  the  same  Ij'pc  under  the 
head  of  16  feet  will  deliver  4S  horse-power. 

It  is  import.int  now  to  determine  how  the  .npevd  .V,  dis- 
charge q.  and  horse-power  UP  varj-  with  iht-  head  h  for  dilTcrcnt 
diameters  D  of  the  same  tj-pc.  From  (l/G)*  the  velocity  u 
varies  as  \^,  hence  Z>A'  also  \-aries  as  y/h,  and  accordingly, 
if  il  be  a  con.stant, 

N  =  kiVh/D         (I81)i 
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From  g  =  anPo,  there  its  also  found 

q  =  kjiyy/h  fl8l), 

where  k-  is  another  constant.  From  HP  =  vqhe.  the  efficiency 
e  bdng  the  sianic  for  all  mzcs  of  the  same  tjl>c,  there  resuli* 

HP  =  hD*h^  (18I)j 

The  thri-c  constants  ki,  ki,  kz  should  be  the  same  for  all  sizes 
of  the  same  type.  Hence  by  a  test  on  one  size  of  a  given  Ij-pe 
tlie  constants  ti,  is,  ks  (or  that  tjpc  may  he  found  from  the 
above  equation!!.  These  formulas  also  show  for  any  given 
diameter  D,  that  the  speed  jV  varies  as  VA,  that  the  discharge 
ti  also  varies  as  Vk,  and  tliat  the  horsc-power  BP  varies  a« 
A\  Ji  or  a'.  Thas  in  order  to  double  the  speed  or  dLscHarge  o( 
a  given  turbine  the  head  mu5t  he  quadrupled,  and  m  order  to 
double  the  horse-power  the  head  must  be  increased  57.4  percent 

The  specific  speed,  or  characteristic  speed  as  it  is  called 

by  some  writers,  is  the  speed  of  a  one  horse-power  turbine 

under  a  head  of  one  foot.    EUmijiating /)  from  (181)i  and  (181)3 

there  results  .V  =  kjktW/  HP^;  now  Ieltij:g  A  =  i  and  HP  =-  i, 

it  is  seen  that  kiks  is  the  specific  speed,  which  will  be  denoted 

by  jV,;  hence  

N.  =  A-  HP*/k*  (181)* 

is  the  formula  for  computing  specific  speed  when  JV,  HP,  h 
have  been  found  by  a  test.  For  example,  take  the  Boyden  tur- 
bine of  Art.  150,  for  which  N  =  70,  h  =  17.37,  UP  =  1184; 
from  these  the  specific  si)ccd  is  A',  =  21.6.  Each  type  of 
turbine  has  its  own  specific  speed  which  is  entirely  independent 
of  size,  since  the  diameter  D  does  not  appear  in  (ISl)*.  For 
low-speed  turbines  the  value  of  .V,  ranges  from  10  to  30,  for 
medium-speed  turbines  from  30  to  50,  for  high-speed  turbines 
from  Oo  to  So,  and  for  very  high-speed  turbines  from  qo  to  100. 
The  actual  si>eed  of  any  size  depends  of  course  vyion.  its  diameter, 
small  diameters  moving  more  rapidly  than  the  larger  ones. 

The  specific  discharge  is  the  discharge  of  a  one  horse-power 
turbine  under  a  head  of  one  foot.    Eliminating  D  from  (181)i 


I 
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and  flSl)i  there  results  q  =  (h/kzillP/h;  now  letting  A  =  i 
and  HP  =  i,  it  is  seen  that  k^kg  is  the  specific  discharge  which 
will  be  denoted  by  q,;  hence 

q.  =  qh/HP  (181)6 

is  the  formula  for  computing  specific  discharge  when  q,  h,  HP 
have  been  found  by  a  test.  For  example,  take  the  Boydcn 
turbineof  Art.  ISO.forwhich^  =  1184,  A  =  i-j.2t,HP  =  177.4; 
from  these  the  specific  discharge  is  q,  =  10.4  cubic  feet  per 
second.  The  specific  discharge  is  characleristic  of  the  efficiency 
of  a  given  type  and  is  the  greater  the  lower  the  efficiency.  For 
high  efficiency  the  specific  discharge  is  less  than  10,  for  medium 
efficiency  it  ranges  from  10,5  to  11.5,  for  low  efficiency  it  is 
greater  than  12.  The  specific  speed  does  not  depend  at  all 
upon  the  diameter. 

T\\€  specific  diameter  of  a  given  Ijpe  is  the  diameter  D, 
corresponding  to  A  =  i  and  the  specific  speed  JV«  Hence 
from  C181)i  Jti  =  .YD;  thus  when  N  and  D  are  known  from  a 
test  on  one  size  the  value  of  ki  or  ^^t  is  known  for  the  type. 

By  means  of  a  test  on  one  size  of  a  tyiw  the  quantities 
ff„  q,  and  ki  can  be  computed.  Accordingly  for  any  other  size 
of  that  type  under  any  head  h, 

N  =  NJt*/BP*        q  =  qJlP/k        D  =  kiVh/N      {181)« 

The  following  table  gives  approximate  values  of  N,,  q,  and  ki, 
which  have  been  computed  for  a  few  different  t>'pes  from  the 
performances  given  in  the  American  Ci\'il  Engineers'  Pocket 
Book,  pages  882-S83. 

By  the  help  of  this  table  and  the  above  formulas  many  practical 
problems  relating  to  turbines  can  he  solved.  For  example  take  the 
Smith  type,  for  whicli  .V,  is  81 ;  let  it  be  required  to  find  what  size  is 
needed  to  furnish  354  horse-powers  under  35  feet  head;  here  the  best 
sjjeed  is  jV  =  81  X  35V'3S4'  =  366  revolutions  per  n^nute,  the 
quantity  of  water  required  is  5  =  10.9  X  3S4,''35  =  110  cubic  foet 
per  second,  and  the  diameter  of  the  wheel  runner  is 

D  =  1660  X  35*  366  =  27  inches. 
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Table  181.    Constants  ros  Reacxioh  ToBBiins 


Typ. 

Spicifte 

SpaeiSc 
DtackBia 

aOtOMC 

Cmmbi 

In 

Allis-Chalmers  Co. 

A 

13 -4 

II. 6 

1078 

B 

ao.4 

II. 6 

"« 

C 

29.4 

11.6 

l»4 

D 

40.6 

II. J 

1180 

Ridson-AIcott  Co. 

Alcott 

47 

II. I 

1250 

Ridson 

47-5 

10.4 

I3S0 

Leviathan 

74.1 

II.O 

1714 

S.  Morgan  Smith  Co. 

McConnick 

53 

II. 0 

1260 

New  Success 

57 

II.O 

1350 

Smith 

81 

10.9 

1660 

Again  let  it  be  required  to  find  the  type  to  furnish  580  hors&poven 
under  a  head  of  33  feet  at  100  revolutions  per  ntinute;  here 

JV,  =  100  X  s8oV33»  =  30.5; 

here  the  type  C  is  the  nearest  in  the  table  and  the  size  D  =  70  indtta 
corresponds  closely  to  that  theoretically  required.  Agfun  let  it  be 
required  to  find  what  turbine  will  furnish  28  horse-powers  under 
16  feet  head  at  1000  revolutions  per  minute;  here 

N,  =  1000  X  28V16   =  165, 

which  shows  that  no  turbine  can  fulfil  this  condition  since  N,  is  never 
greater  than  100;  several  different  types  will,  however  furnish  j8 
horse-powers  under  16  feet  head,  but  the  speed  will  be  much  dower 
than  1000  revolutions  per  minute. 

To  make  detailed  comparisons  between  different  types  for  a 
given  case,  catalogs  of  manufacturers  must  be  obtained  and  the  per- 
formances there  given  be  carefully  studied.  Then  questions  of  coat 
and  installation  must  be  taken  up  before  a  decision  can  be  made  as  > 
to  the  most  advantageous  type  and  size  of  turbine  which  should  be 
used. 

When  a  computed  specific  speed  falls  below  10,  a  turbine  cannot 
be  used.  An  impulse  wheel  driven  by  the  discharge  of  a  single  nozzle 
has  values  of  the  specific  speed  ranging  from  i  to  5,  for  two  nozzles 
it  ranges  from  1.4  to  7,  and  for  fom  nozzles  from  3  to  la    However, 
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pafofiuttoccs  of  tj-pcs  of  such  whtels  are  less  dtrmileiy  known  (hiin 
thoM  of  reaction  turbines,  and  the  same  is  true  of  tuibincs  which  act 
by  ImpuUe  only. 

Prob.  ISlo-  Wlien  a.  turbine  hm  an  dCcicncy  of  0.80,  what  is  its 
•ftecific  discharge?  ttlacii  the  specific  discharge  Li  J0.4  cubic  feci  per 
second,  what  is  tlie  efficiency? 

Prob.  ISIfc.  The  catalog  of^a  turbine  manufacture  gives,  for  the 
4S-iiKh  sixc  of  a.  certain  ty|>e,  HP  =  145,  q  =  175  cubic  leet  |>er  second, 
N  =  104  revolutions  p«  minute,  all  forq  feci  head.  What  arc  chc  values 
of  BP,  q,  and  N  (or  the  72-inch  siZK  of  the  same  type  under  a  head  of  16  feet? 


Akt.  182.    Large  Re^xciion  Tukbinks 

Id  ihc  eighth  and  ninth  editions  of  this  book  the  large 
FoumejTon  turbines  erected  at  Niagara  Falls  from  1894  to  1900 
were  fully  described.  There  were  ten  of  these  wheels,  each  of 
5000  nominal  horse-powers,  operated  under  a  head  of  ij6  feet 
at  250  re\'dutions  per  minute  with  a  discharge  of  450  cubic  feet 
per  second.  These  wheels  have  been  removed  since  1912  and 
hence  the  detailed  description  is  here  omitted.  Fig.  182j  is, 
however,  retained  in  order  to  show  how  the  water  was  carried 
by  penstocks  from  the  river  to  the  whceU  and  how  the  vertical 
shafts  of  the  turbines  were  connected  at  the  top  to  the  electric 
generators,  A  test  of  one  of  these  turbines,  made  in  iSriSi 
showed  that  5498  electrical  horse-powers  were  developed  by  an 
expenditure  of  447.2  cubic  feet  of  water  per  second  under  a 
head  of  135.1  feet;  the  efficiency  of  the  dynamo  being  9;  per- 
cent, the  efficiency  of  the  turbine  and  approaches  was  82}  per 
cent.  It  will  be  seen,  in  Fig.  182<j,  that  the  water,  alter  leaxing 
the  wheel,  dropped  several  feet  to  the  level  of  the  tail  water 
in  the  exit  tunnel;  hence  this  part  of  the  fall  was  lost  to  the 
wheel.  For  this  and  for  other  reasons,  these  outward-flow 
turbines  have  been  replaced  by  inward-flow  Francis  wheels, 
these  being  provided  with  draft  tubes  through  which  the  water 
passes  to  the  tunnel,  the  head  being  thus  increased  from  tj6  to 
144  feet. 

Draft  tubes  cannot  easily  be  attached  to  outward-flow 
turbines  and  the  use  of  these  increases  the  power  t»  such  aa 
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extent  that  nearly  all  modem  turbines  are  of  the  inward-flow 
kind,  the  water  entering  horizontally  and  then  passing  down- 
vaxd.  These  draft  tubes  usually  attend  downward  obliquely 
uid  discharge  the  water  near  the  bottom  of  the  tail  race.  The 
buckets  of  these  turbines  are  usu:iUy  flared  outward  where  the 
■water  leaves,  so  as  to  increa-se  the  area  of  the  exit  orifices  and 
thus  dimirusli  the  absolute  velocity  of  exit.  Fig.  182i  *  sliows 
on  the  left  a  runner  for  a  large  German  turbine.  wUlc  on  the 
light  is  seen  the  feted  case  containing  the  guides.    The  turbine 


is  rendered  complete  by  placing  the  guide  annulus  over  the 
smaller  part  of  the  runner. 

While  the  largest  turbines  at  Niagara  Falls  revolve  hori- 
zontally on  vertical  shafts,  some  smaller  ones  arc  placed  on 
horizontal  sliafts  in  the  manner  seen  in  Fig.  174/.  Many 
large  turbines  in  other  localities  also  revolve  vertically  on 
horizontal  sliafts;  in  such  cases  the  wheel  is  placed  In  un  en- 
closing case  into  one  side  (>f  which  the  water  enters  through 
a  penstock  while  it  esciipes  through  a  draft  tube  attached  to  the 
case  near  the  turbine  axis.  The  enclosing  case  is  not  concentric 
with  the  wheel,  but  the  space  between  is  volute-shaped  so  that 
*Cajncrcr,  WuKrknftmuchlncn  (Bolio,  1914),  pktc  15. 
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the  area  between  case  and  guide  ring  decreases  witli  distance 
from  the  entrance.  Fig.  128^  *  gives  front  and  side  outlbe 
views  of  a  turbine  of  this  kind;  two  of  these  turbines  were 
installed  in  191  a  at  the  power  development  un  the  White  River 
in  California,  each  being  rated  as  22500  horse-powers  under 
440  feet  head  at  360  revolutions  per  mir.ute;  this  wheel  has  a 
double  discharge  from  the  enclosing  case.f     - 

Many  other  reaction  turbines  of  a  capacity  of  10  000  horse- 
powers or  higher  have  been  installed  since  1905.    Of  these  can 


Fia-  ts2«. 

only  be  mentioned  here  those  of  the  great  dc\'c)opinent  at 
Keokuk  on  the  Mis^s^ppi  Kiver,  where  30  turbines,  eacli  ot 
10  000  horsc-pnwcrs,  will  operate  under  about  32  feet  head  a  t  [ 
57.7  rev'olutions  per  minute,  and  those  of  the  Cedar  Rajudi 
plant  on  St.  Lawrence  River,  which  have  the  largest  dimension 
of  any  built  prior  to  1915;  tliese  1a:>t  are  guaranteed  to  have  S 
maximum  efficiency  of  at  least  87  percent  when  operating  undei 
an  efTective  head  of  30  feet  at  55.6  revolutions  per  minute. 

The  following  is  a  partial  list  of  recent  articles  on  water  whcel&i 
turbines,  and  w.iter-powcr  plants,  es|)cciiilly  those  of  large  installs.— f 
tlons: 

(1)  A   High-head   Francis   turbine.     Engineering  News,  March 
19,  J90S,  ami  Engineering  Record,  March  zi,  1908. 

•  Councsy  <i(  Ailis-Chalmen  Manufacturing  Co.,  MilwaulcM,  Wi», 
t  Eagincering  Ncw»,  April  18,  191],  p.  730. 
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(2)  A  Uienretical  nrtick  by  i^>w&ki  on  specific  speed.  Engineer- 
ing Nfws,  Januarj"  2^,  1909. 

(3)  Canadian  Niagara  Falls  Plant  by  Van  Cieve.  Transactions 
Aotcrican  Society  of  Ci\-il  Engineers,  iQog,  Vol.  62,  p.  199. 

(4)  A  historical  article  giving  facts  regarding  many  installations. 
Enj^nemng  Magazine,  March,  1910. 

(5)  A  historical  article.  Transactions  American  Society  of  Civil 
Engineers,  1910,  Vol.  66,  p.  ,io6. 

(6)  Turbines  at  Niagura.  Electrical  World,  December  J9, 
1910. 

(7)  The  Michocan  Power  Plant  in  Mexico.  American  Machinist, 
August  iS,  1910. 

(S)  Th<«retic  Discussion  of  Specific  Spccdby  Baashus.  Engineer- 
iog  News,  March  2,  iqn. 

(0)  A  Large  Pclton  Wheel  in  Brazil.  London  Engineering, 
September  13,  1912. 

(10)  The  Great  Plant  at  Keokuk,  Iowa.  Engineering  Record, 
November  16,  igia,  and  Iron  Age,  Mart^h  13,  1913. 

(11)  New  Turbines  of  the  Niagara  Falls  Power  Co.  Engineer- 
ing Record,  October  18,  1913. 

(12)  A  Large  Turbine  in  Switzerland.  London  Engineering, 
November  8,  19:3. 

( 1 3)  Modern  Reaction  Turbines.  General  Electric  Rc\'iew, 
June,  1914. 

(14)  Turbines  at  Cedar  Rapids  on  St.  Lawrence  River.  Engi- 
Dccring  News,  April  i,  1915- 

(15)  Hydro-elecl  ric  Power  Development  in  Alabama.  Trans- 
actions American  Society  Civil  Engineers,  191s,  Vol.  78,  p.  1409. 

(16)  Design  of  Hydro-elecl  ric  Power  Plants.  Transactions 
American  Society  Civil  Engineers,  1915,  Vol.  79,  p.  100. 

(17)  The  Large  Burden  Overshot  Wheel  at  Troy,  N.  V.  (diam- 
eter=S7  feci).  Transactions  of  American  Society  Civil  Engineers, 
1915,  Vol.  70,  p.  708. 

Prob.  IR2a.  Consult  the  above  mentioned  periodicals  «id  describe 
power  pUnls  (or  the  devclopmcnl  of  electrical  energy  which  have  bttii  iii- 
nalled  at  N'tat^ra  Fall.i,  cs^tccially  ihat  ol  ihe  Canadian  Niagara  Power 
Company  and  that  of  the  Ontario  I'owcr  Company. 
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P  A  dynamo  delivering  4100  kilowatts  has  an  efficiency  d( 

97.5  perccn  le  the  efficiency  of  the  turbine  b  81,3  percent  and  thslof 

the  approaccci  1  the  turbine  is  99.7  per  cent.    The  turbine  is  of  the  Joniil 

type,  and  thi  Bercncc  between  the  levels  of  head  and  tail  race  is  44 

meters.     Hot  my  cubic  meters  of  water  are  used  per  second? 

Prob.  182f.  Consult  the  turbine  performances  given  on  pages  88j-!8j 
of  the  American  Ci\'il  Engineers'  Pocket  Boolt,  and  compute  tberefnm 
some  of  the  constants  given  in  Table  181. 

Prob.  IS2rf.  Compute  the  efficiency  of  a  reaction  wheel  {Art.  1^) 
for  a  head  of  j.5  meters  when  the  radius  of  the  exit  orifices  b  0.64  meter 
and  the  number  of  revolutions  oer  minute  is  130,  the  coefficient  of  velocity 
being  0.95. 

Prob.  182e.  An  electric  generator  delivering  4100  kilowatts  has  an 
efficiency  of  97.5  percent,  while  the  efficiency  of  the  turbine  is  St.j  per- 
cent, and  that  of  (he  approaches  to  the  turbine  is  gg.?  percent.  Ite 
turbine  is  of  the  Jonvnl  type,  and  the  difference  between  the  water  levels 
of  head  and  tail  races  is  14.4  meters.  How  many  cubic  meters  of  water 
per  second  arc  used? 

182/.  CoQstJt  Camerer's  Wasserkraftmaschinen  (Berlin.  1914)  and 
ascertain  facts  regarding  the  large  turbine  shown  b  Fig.  lS2t. 

I82g.  Consult  Engineering  News,  April  18,  igiz,  and  ascertain  btclj 
regarding  the  large  turbine  shown  in  Fig.  182ir. 
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CHAPTER    15 

naval  hydromechanics 

Art.  183.    General  Principles 

bis  chapter  is  to  be  discussed  in  a  brief  and  elementary 
manner  the  subject  of  the  resistance  of  water  to  the  motion  of 
vessels,  and  the  general  hydrodynamic  principl«  relating  to  their 
propulsion.  The  water  may  be  at  rest  and  the  vessel  in  motion, 
or  both  may  be  in  motion  as  in  the  case  of  a  boat  going  up  or 
down  a  river.  In  either  event  the  velocity  of  the  vessel  relative 
to  the  water  need  only  be  considered,  and  this  will  be  called  v. 
The  simplest  method  of  propulsion  is  by  the  oar  or  paddle ;  then 
come  the  paddle  wheel,  and  the  jet  and  screw  propellers.  The 
action  of  the  wind  upon  sails  will  not  be  here  discussed.  a&  it  is 
outside  of  the  scope  of  this  book. 

The  unit  of  linear  measure  used  on  the  ocean  is  generally 
the  nautical  mile,  while  one  nautical  mile  per  hour  is  called  a 
knot.  One  nautical  mile  is  about  6o8o  feet,  so  that  knots  may 
be  transformed  into  feet  per  second  by  multiplying  by  i.6(),  and 
feet  per  second  may  be  transformed  into  knots  by  multiplying 
by  0.5Q2.  On  rivers  the  speed  is  estimated  in  statute  miles  per 
hour,  and  the  corresponding  multipliers  will  be  1.47  and  0.683. 
One  kilometer  per  hour  equals  0.621  miles  per  hour  or  0.91  feet 
per  second.  On  the  ocean  the  weight  of  a  cubic  foot  of  water  is 
to  be  taken  as  about  64  pounds  (it  is  often  used  as  64.32  pounds, 
so  that  the  numerical  value  is  the  same  as  2^),  and  ui  river^s  at 
62.5  pounds. 

The  speed  of  a  ship  at  sea  was  formerly  roughly  measured 
by  observations  with  the  log,  which  is  a  triangular  piece  of  wood 
attached  to  a  cord  which  is  divided  by  tags  into  lengths  of  about 
50J  feet.     The  log  being  thrown  into  the  water,  it  remains  sta- 
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Pigiuiry.  the  ship  moves  away  from  it,  and  the  number  of] 
run  out  in  half  a  minute  is  counlol;  this  number  is  the  sad 
the  number  of  knots  per  hour  at  which  the  ship  is  moving,  since 
Soj  feet  is  the  same  part  of  a  knot  that  a  half  minute  is  of  an  hour. 
The  patent  log.  which  is  a  smal!  self-recording  current  meter, 
drawn  in  the  water  bchitid  the  sliip,  is,  however,  now  generallj- 
used,  this  being  rated  at  intcr\-als  (Art.  40).     In  experimeoUf 
work  more  accunilc  methods  of  me:isuring  the  velocity  are  nectt- 
sary,  and  for  this  purpose  the  boat  may  run  between  buoyt 
whose  distance  apart  has  been  found  by  triangulation  from  mat- 
ured bases  on  shore. 

The  Pilot  lube  has  recently  been  applied  to  the  dclcnaiiB- 
tion  of  the  velocity  of  a  ship  through  the  water.  By  the  use  in 
connection  with  this  tube  of  a  recording  mechanism  simikr  to 
that  described  in  Art.  38  for  the  Venturi  meter  it  would  mm 
possible  lo  automatically  record  on  dials  both  the  speed  through 
the  water  as  well  as  the  total  number  of  miles  passed  o\'er.  By 
the  use  of  a  chart  an  autographic  record  of  variations  in  Iheipeed 
could  also  be  kept.  Practical  di'tTiculties  in  the  way  of  kef^mg 
the  mouths  of  the  Pitol  lubes  free  from  obstructions  have  alre^y 
been  to  a  certain  extent  overcome.*  ^^M 

When  a  boat  or  ship  is  to  be  propelled  through  water,  the 
resistances  to  be  overcome  increase  with  its  velocity,  and  conse- 
qucntly,  as  in  railroad  trains,  a  practic^tl  limit  of  speed  b  soca 
attained.  These  resistances  consist  of  three  kinds:  the  djuamic 
pressure  cau.sed  by  the  relali\'e  velocity  of  the  boat  and  the  water, 
the  frictional  resistance  of  the  surface  of  the  boat,  and  the  wave 
resistance.  The  first  of  these  can  be  entirely  overcome,  as  in- 
dicated in  Art.  155,  by  givnng  to  the  boat  a  "fair"  form;  that  is, 
such  a  form  that  the  dynamic  pressure  of  the  impulse  near  the 
bow  is  balanced  by  that  of  the  reaction  of  the  water  as  it  closes 
in  around  the  stem.  U  will  be  supposed  in  the  following  pag« 
that  the  boat  has  this  form,  and  hence  this  first  resistance  need 
not  be  further  considered.  The  second  and  third  sour 
resistance  will  be  discussed  later. 

*  EnflflMring  Ktyis,  May  4, 1911. 
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The  total  force  of  resistance  which  exists  when  a  vessel  is 
propelled  wilh  the  velocity  v  can  be  ascrrtaincd  by  drawing 
il  in  tow  at  the  same  velocity,  and  placing  on  the  tow  line  a  dy- 
namomelcr  to  regbter  the  tension.  An  experiment  by  Froude 
on  the  Greyhound,  a  steamer  of  1157  tons,  gave  for  the  total 
resistancv  the  following  figures :  * 

6  8         to         II 

1.4         3.S         4-7         9.0 

which  show  that  at  low  speeds  the  resistance  varies  about  as 
the  square  of  the  velocity,  and  at  higher  speeds  in  a  faster  ratio. 
For  speeds  of  15  to  25  knots,  the  usual  velocity  of  ocean  steamers, 
the  law  of  resistance  is  not  so  well  known,  but  as  an  approxima- 
tion it  is  usually  taken  as  varying  with  the  sqiurc  of  the  velocity. 

Prob.  183.  What  horsepower  was  expended  in  the  above  test  of  the  Grey- 
hound when  the  speed  was  ti  knots  jht  hour  ? 


Speed  in  knou,         4 


AaT.  184.    Frictional  Resistances 

When  a  stream  or  jet  moves  over  a  surface,  its  velocity  is 
retarded  by  the  frictional  resistances,  or  if  the  velocity  be  main- 
tained uniform,  a  constant  force  is  overcome.  In  pipe»,  conduits, 
and  channels  of  imiform  section  the  velocity  is  uniform,  and  con- 
setiuently  each  square  fool  of  the  surface  or  bed  exerts  a  constant 
resisting  force,  the  intensity  of  which  will  now  be  approximately 
computed.  This  resistance  will  be  the  same  as  the  force  required 
to  move  the  same  surface  in  still  water,  and  hence  the  results 
will  be  directly  applicable  to  the  propulsion  of  ships. 

Let  P  be  the  force  of  frictional  resistance  per  square  foot  of 
surface  of  the  bed  of  a  channel,  p  its  welted  perimeter,  /  its  length, 
A  its  fall  in  that  length,  <i  the  area  of  its  cross-section,  and  v  the 
mean  velocity  of  flow.  The  force  of  friction  over  the  entire  sur- 
face then  is  Fpt,  and  the  work  per  second  lost  in  friction  is 
Ffih.  The  work  done  by  the  water  per  second  is  Wh  or  wash. 
Equating  these  two  expressions  for  the  work,  there  results 

F  =  wia/p)(h/t)  =  wrs 
*  Theatlc'x  Theoretical  Naval  .Architecture  (London,  tS76),  p.  347. 
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in  which  r  is  the  hydraulic  radius  and  i  ihe  slope  of  the  water 
surfiice.  Now  inserting  for  rs  its  value  from  formula  (113), 
there  results  ^^^^y^j 

in  which  u'  is  the  weight  of  a  cubic  foot  of  water  and  c  is  the  co- 

cflicicnt  in  the  Chczy  formula,  the  values  of  which  are  given  in 

Chiip.  9    and    the    afrompan>nng   tables.       Inasmuch    a.s    the 

velocities  along  the  bed  of  a  channel  are  somewhitt  less  than  the 

mean  velocity  v,  the  values  of  F  thua  determined  will  probably 

be  slightly  greater  than  the  actual  resistance. 

For  smooth   iron   pipes  the   following  arc  computed  valutt 

of  the  frictional  resistance  in  pounds  per  square  fool  of  surface: 

Velocity,  feet  per  second  =1  4  6        to        15 

(or  t  foot  diiiinflcr       P^oo>i    0,080    0,1;     0.4J    O-O* 
[or  4  (eel  diameier       F^o.ois    o.ojj    mi    o.iS    o-sg 

These  figures  indicate  that  the  resistance  is  subject  to  mudi 
variation  in  pipes  of  diiTcrent  diameters ;  it  is  not  easy  to  con- 
clude from  them,  or  from  formula  (113),  what  the  force  of  re- 
sistance is  for  plane  surfaces  over  which  water  is  moving. 

Experiiiieiils  made  by  moving  flat  plates  in  still  water  so 
that  the  direction  of  motion  coincides  with  the  plane  of  the  sur- 
face have  furnished  conclusions  regarding  the  laws  of  fluid  fric- 
tion similar  to  those  deduced  from  the  flow  of  water  in  pipes.  It 
found  thai  the  total  resistance  is  approximately  proportional 
the  area  of  the  surface,  and  approximately  proportional  to 
the  square  of  the  velocity.  Accordingly  the  force  of  resistance 
per  square  foot  may  be  written 

F  =fv\  CIM) 

in  which  v  is  the  velocity  in  feet  per  second  and  /  is  a  number 
depending  upon  the  nature  of  the  surface.    The  following  are 
average  values  of/  for  large  surfaces,  as  given  by  Unwin :  * 
Varnishwi  xurtncc,  /  =  o.ooijo 

PSiinli-ri  and  planed  plank,  /  =  o  oojjo 

Surface  o(  iron  »hiiis,  /  =  0.00351 

Fine  tnnd  (iirface.  /  =  0.00405 

New  well-painted  iron  plate,         /  -  O.0C473 

'Encyclopedia  Brilannica, gtb  ed.,voL  ii,p.48j;  iilh  E<t.,vol,  14, p. 57- 
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Undoubtedly  the  value  of  /  is  subject  to  variations  with  the 
velocity,  but  the  experiments  on  record  are  so  few  that  the  law 
and  extent  of  its  variation  cannot  be  formulated.  It  should, 
howe\'cr,  be  remarked  that  the  formulas  and  constants  here  given 
do  not  apply  to  low  velocities,  for  the  reasons  given  in  Art,  124. 
At  the  same  time  they  are  only  approximately  applicable  to  high 
velocities.  A  low  velocity  of  a  body  moving  in  an  unlimited 
stream  may  be  regarded  as  i  foot  per  second  or  less,  a  high  veloc- 
ity as  25  or  30  feet  per  second. 

It  may  Iw  noted  that  the  above-men  I 'oned  experiments  indicate 
that  the  value  of  F  is  greater  for  small  surfaces  than  for  large  ones. 
For  instance,  a  varnished  board  50  feet  lonj;  gave/  =  0.00350,  while 
one  JO  feet  long  gave/ =  0.00J78,  and  oneSfect  long  gave/ =  0.00325, 
the  motion  being  in  all  cases  in  the  direction  of  the  length.  The  re- 
fiistance  is  the  same  whatever  be  the  depth  of  immersion,  for  the  fric- 
tion is  uninfluenced  by  the  inten.tity  of  the  static  pre.s.sure.  This  is 
proved  by  the  circumstance  that  the  How  of  water  in  a  pijJe  is  found  to 
depend  only  upon  the  head  on  the  outlet  end,  and  not  u|)on  the  pres- 
sure-heads along  its  length. 

The  frictional  resistance  of  a  boat  or  ship  may  be  roughly  esti- 
mated by  taking  0.0041''  and  multiplying  it  by  the  immersed  area.  For 
instance,  if  this  area  be  8000  square  feet,  the  frictional  rcs'stance  at 
a  velocity  of  10  feet  i>er  second  is  3100  jKiunds,  but  at  a  velocity  of  ao 
feet  per  second  it  is  11  800  pounds;  the  horse-powers  needed  to  over- 
come these  resiat;mces  are  5S  and  464,  res[H;ctively.  Tii  these  must 
be  added  the  power  necessary  to  overcome  the  friction  of  the  ait  and 
that  wa!ited  in  the  production  of  waves. 

The  above  discussion  refers  to  the  case  of  boats  moving  in  the  ocean 
and  lakes  or  in  a  stream  of  large  width  and  depth.  In  a  canal  the  re- 
sistance is  much  greater,  and  it  depends  upon  the  ratio  of  the  cross- 
section  of  the  canal  to  that  of  the  immersed  portion  of  the  boat.  It  de- 
fitntl*.  also  on  the  depth  of  the  water.  The  "drag  "  nf  a  ship  in 
tboal  water  is  very  pronounced.  For  some  experiments  on  the  suc- 
tion of  vessels  consult.*  When  the  wJdlh  of  thr^canal  is  about  five 
times  that  of  the  bout  and  the  area  of  its  cross-section  about  seven 
times  that  of  the  boat,  the  resistance  is  but  slightly  greater  than  in  an 

•  TrnnMcltons    .American   Society  «E    Kaval  Architects  ntid    Marine 
Eni(iniTr»,  vol.  ij,  1909. 
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unUmitecl  stieam.    For  smaller  ratios  the  resistance  rapidly  io' 
and  when  two  boats  pasa  each  other  in  n  small  canal,  the  utntoii 
powerof  the  horses  may  be  severely  taxi'd.      I'he  reason  for  this  ta- 
crcawcl  resistance  appears  to  be  lari^ly  due  to  the  fact   that  the 
velocity  o[  the  w«ler  rtlalive  to  the  boat  tncreiises  with  theduniini- 
tioD  of  the  cross-section  of  the  canal.    Thus,  if  a  and  /f  be  the  snat 
of  the  cross-»ecl)on  of  the  canul  and  of  the  immersed  part  of  tbc 
boat,  the  effective  area  of  the  water  cross-section  is  d  —  ^,  and  tk 
water  flowing  backward  through  this  area  must  have  a  higher  ttli- 
tive  velocity  as  .1  increases.    The  value  of  F  given  by  ftHmula  (Bl) 
is  accordingly  increased  to/b*/(i  —  (A/a))K 

Prob.  IMa.  WTiat  horse-power  ia  required  to  overcome  the  fricimtf  «- 
•latanoe-of  a  boat  moving  al  the  rate  of  9  knots  per  hour  when  the  area  el  ib 
immerKd  surface  is  330  square  foct  ? 

Prob.  1846.  A  canal  has  a  cros»-«ectioii  of  360  square  feet,  while  tlut  <i 
a  canal  boat  is  60  square  feet.  Show  thai  when  two  boats  pass  cachoiher, 
the  tcaistancc  of  each  is  increased  about  60  percent. 

Art.  185.    Wohk  Requireh  fob  Propulsion 

When  a  boat  or  ship  moves  through  still  water  with  a  velority 
V,  it  must  overcome  the  pressure  due  to  iinpuUe  of  the  water  and 
the  resistance  due  to  the  friction  of  its  surface  on  the  water  and 
air.  If  the  surface  be  properly  curved,  there  is  no  resultant 
pressure  due  to  impulse,  as  shown  in  Art.  155.  The  resistaace 
caused  by  friction  of  the  immersed  surface  on  the  water  can  be 
estimated,  as  explained  above.  If  A  be  the  area  of  this  surface 
in  square  feel,  the  work  per  second  required  to  overcome  thu 
resistance  is  k  =  AFv=/Ai^  (185) 

Tbc  work,  anti  hence  the  horse-power,  required  to  mo\*e  a  boat 
accordingly  varies  approximately  as  the  cube  of  its  velocily.    By 
the  help  of  the  values  of  /  given  in  the  last  article  an  appron- 
matc  estimate  of  the  work  can  be  made  for  pftfticulsr 
The  resistance  of  the  air,  which  in  practice  must  be  oonsidi 
will  be  here  neglected. 

To  illustrate  this  law  let  it  be  required  to  find  how  many  tons 
of  coal  will  be  used  by  a  steamer  in  making  a  trip  of  3000  miles 
in  6  days,  when  it  b  known  that  800  tons  arc  used  in  making 
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the  trip  in  to  da)-*.  As  the  power  used  is  jiroportional  lo  ihe 
amount  of  coal,  and  as  the  distances  traveled  per  day  in  the  two 
cases  are  500  miles  and  300  miles,  the  law  gives  T.  480  =  (5/3)*, 
whence  T  =  22SO  tons.  By  the  increased  spee<l  the  expense  for 
fuel  is  incre.ised  277  percent,  while  the  time  is  reduced  40  per- 
cent. If  the  value  of  wages,  maintenance,  interest,  etc.,  saved 
on  account  of  the  reduction  in  time,  will  balance  Ihe  extra  expense 
for  fuel,  the  increased  speed  is  profitable.  That  such  a  compensa- 
tion occurs  in  many  instances  is  apparent  from  the  constant  efforts 
to  reduce  the  time  of  trips  of  passenger  steamers. 

When  a  boat  moves  with  the  velocity  ir  in  a  current  which  has 
a  velocity  u  in  the  same  direction,  the  velocity  of  the  boat  relative 
to  the  water  is  v  —  m.  and  the  resistance  is  proportional  to  (p  —  «)' 
and  the  work  to  (t  —  «)'.  If  the  boat  moves  in  the  opposite 
direction  to  the  current,  the  relative  velocity  is  v  +  w.  and  of 
course  v  must  be  greater  than  u  or  no  progress  would  be  made. 
In  all  cases  of  the  application  of  the  formulas  of  this  article  and 
the  last,  p  is  to  be  taken  as  the  velocity  of  the  boat  relative  to  the 
water. 

.Another  source  of  resistance  to  the  motion  of  boats  and  ships  is 
the  production  of  wa\'cs.  This  is  due  in  part  lo  a  different  level  o(  the 
water  surface  along  the  sides  of  the  ship  due  to  the  variation  in  static 
pn-ssure  caused,  by  the  velocity,  and  in  part  to  other  causes.  It  is 
fdain  that  waves,  eddies,  and  foam  cause  energy  to  be  dissipated  in  heat, 
and  that  thus  a  |)ortioii  of  the  work  furnished  by  the  engines  of  the 
boat  is  lost.  This  source  of  loss  is  supposed  to  consume  from  10  to  40 
percent  of  the  total  work,  and  it  is  known  to  increase  with  the  ve- 
locity. On  account  of  the  uncertainly  regarding  this  resistance,  as 
well  as  those  due  to  the  friction  of  ihc  water  and  air.  practical  compu- 
tations on  ihe  power  required  to  move  boats  al  given  velocities  can 
only  be  expected  to  fumbh  approximate  results. 

The  investigations  of  Rankine  on  this  difficult  subject  led  lo  the 
conclusion  announced  in  1858  in  the  anagram  (20a,  46,  6c,  grf,  34*-,  8f, 
4^,  16A,  i«,  s/.  yn,  ISK,  140,  aP.  37.  iV.  13s.  iS'.  4".  at",  aw,  ix,  ^y).' 
The  meaning  of  this  anagram  was  published  in  1861 :  "The  resistance 
of  a  sharp-ended  ship  cvceeds  the  resistance  of  a  current  of  water  of 

*  PtulosophluLl  Magazine,  Scptcnil>cr,  1858. 
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the  same  velocity  in  a  channd  of  the  same  length  and  meangtrUibyt 
quantity  proportumal  to  the  square  of  the  greatest  breadth  divided  bj 
the  square  of  the  length  of  the  bow  and  stem. " 

Prob.  185.  Compute  the  horse^wwer  required  to  mMntain  a  vdodtj  <i 
i8  knots  per  hour,  taking  A  —  7473  square  feet  and  /  —  0004. 

Abt.  186.    The  Jet  Fropeixes 

The  method  of  jet  proptdmon  consists  in  allowing  wata  to 
enter  the  boat  and  acquire  its  velocity,  and  then  to  eject  it  bad- 
wards  at  the  stem  by  means  of  a  pump.  The  reaction  thus  pro- 
duced propels  the  boat  forward.  To  investigate  the  effidency 
of  this  method,  let  W  be  the  weight  of  water  ejected  per  second, 
V  its  velocity  relative  to  the  boat,  and  v  the  velocity  of  the  boat 
itself.  The  absolute  velocity  of  the  issuing  water  is  then  V  ~t, 
and  it  is  plain  without  further  discussion  that  the  maiimum 
efficiency  will  be  obtained  when  this  is  o,  or  when  f  —  c,  as  then 
there  will  be  no  energy  remuning  in  the  water  which  is  pn^)dled 
backward.  It  is,  however,  to  be  shown  that  this  amditdon  can 
never  be  realized  and  that  the  efficiency  of  jet  propul^on  b  low. 

The  effective  work  which  is  exerted  on  the  boat  by  the  reaction 
of  the  issuing  water  is  ,..      , 

i 

and  the  work  lost  in  the  absolute  velocity  of  the  water  is 
The  sum  ot  these  is  the  total  theoretic  work,  or 
Therefore  the  efficiency  of  jet  propulsion  is  expressed  by 

_k  _      2V 

g  —  ^~z  "  ■ 


K     V  +  v 

This  becomes  equal  to  unity  when  p  =  V  as  before  indicated,  but 
then  it  is  seen  that  the  work  *  becomes  o  unless  W  is  infinite.  The 
value  of  W  is  waV,  if  a  be  the  area  of  the  orifices  through  which 
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Ihe  water  is  ejected ;  and  hence  in  order  to  make  e  unity  and  at 
the  same  time  perform  work  it  is  necessary  that  cither  K  or  a 
should  be  infinity.  The  Jet  propeller  i.s  therefore  like  a  reaction 
wheel  (Art.  172),  and  it  is  seen  upon  comparison  that  the  formula 
for  efficiency  is  the  same  in  the  two  cases. 

By  equating  the  above  value  of  the  useful  work  to  that  es- 
tablished in  the  last  article  there  is  found 

an<l  if  this  be  solved  lor  V,  and  the  resulting  value  be  substituted 
in  the  formula  for  e,  it  reduces  to 

■       e  = 4 

which  again  shows  that  e  approaches  unity  a.<i  the  ratio  of  a  to  ^ 
increases.  The  area  of  the  orifices  of  discharge  must  hence  be 
very  large  in  order  to  realize  both  high  power  and  high  efficiency. 
For  this  reason  the  propulsion  of  vessels  by  this  method  has  not 
proved  etonomical,  although  in  the  case  of  (.he  boat  Wiiterwilch. 
built  in  England  about  iS6o,  a  fair  speed  was  attained.  In  nature 
the  same  result  is  seen,  for  no  marine  animal  except  the  cuttle- 
fish u,ses  this  principle  of  propulsion.  Even  the  cuttle-fish  cannot 
depend  upon  his  jet  to  escape  from  his  enemies,  but  for  this  relies 
upon  his  supply  of  ink  with  which  he  darkens  the  water  about 
him. 

Prob.  188.  Compute  (he  velocity  and  efficiency  of  n  jet  propeller  driven 
by  a  i-inch  :ioule  uiidet  a  pressure  of  150  pooniU  per  square  iiicli  when  A  = 
jooo  square  feet  and  f=o.oa^.  Computealso  tlicciririency  when  the  diameter 
of  the  qoekIc  b  i  inches. 


Art.  187.    Paddle  Wheels 

The  method  of  propulsion  by  rowing  and  p,-jdd]ing  is  well 
known  to  all.  Tlie  power  is  furnished  by  muscular  energy  within 
the  boat,  the  water  is  the  fulcrum  upon  which  the  blade  of  the 
oar  acts,  and  the  force  of  reaction  thus  produced  is  transmitted 
to  the  boat  and  urges  it  forward-  If  water  were  an  unyielding 
substance,  the  theoretic  cllicicncy  of  the  oar  should  be  uruty,  or, 
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as  in  any  lever,  ihe  work  done  by  the  force  at  the  rowlock  shotili 
equal  the  work  pcrformcti  by  the  motive  force  exerted  by  tie 
man  on  ihe  handle  of  the  oar.  But  as  the  water  is  yidding, 
some  of  it  is  driven  backward  by  the  blade  of  the  oar,  and  tiiiB 
energy  is  lost. 

I'he  paddle  or  side  wheel  so  extcnsi^'cly  used  in  river  navj^ 
tion  is  umilur  in  principle  to  the  air.  The  power  is  furnished  br 
motor  within  the  boat,  the  blades  or  vanes  of  the  wheel  tend  t« 
drive  the  water  backward,  and  the  reaction  thus  produced  urgts 
the  boat  forward.  On  fiisl  though  it  might  be  supposed  thil 
the  efSciency  of  the  method  would  be  governed  by  laws  siimUt 
to  those  of  the  undershot  wheel,  and  such  would  be  the  cisc  if 
the  vessel  were  stationarj-  and  tlic  wheel  were  used  as  an  apparatus 
for  moving  the  water.  In  fact,  however,  the  theoretic  efhdency 
of  the  paddle  wheel  on  a  boat  is  much  higher  tlian  that  of  the 
undershot  motor. 

The  work  exerted  by  the  steam-engine  upon  the  paddle  wheels 
may  be  representetl  by  PV.  in  which  P  is  the  pressure  produced 
by  the  vanes  upon  the  water,  and  V  is  their  velocity  of  revolution ; 
and  the  work  actually  imparted  to  Ihe  boat  may  be  rqircscnicd 
by  Pv.  in  which  v  is  its  velocity  with  respect  to  the  water.  Ac- 
cordingly the  efhciency  of  the  paddle  wheel,  neglecting  losses 
due  to  foam  and  wax'cs,  is 

«--?-  =  -?- 

in  which  Pi  is  the  difference  K  —  u,  or  the  so-called  "slip."  If 
the  slip  be  o,  the  velocities  V  and  v  are  equal,  and  the  theoretic 
efficiency  of  the  wheel  is  unity.  The  value  of  V  is  determined 
from  the  radius  r  of  the  wheel  and  its  number  of  revolutions 
per  second;  thus  V  =  2irr«. 

On  account  of  the  lack  of  experimental  data  it  is  difRcuIt  to  give] 
infonration  regarding  the  practical  efficiency  of  paddle  whecb  con-' 
sidcrcd  from  a  hydromechanic  point  of  vievr.     Owing  to  the  water 
which  is  lifted  by  the  blades,  and  to  the  foam  and  waves  produced, 
much  energy  is  lost-    They  are,  however,  \-cry  advantageous  on  ac- 
count of  the  rcadincsG  with  which  the  boat  can  be  stopped  and  re- 
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When  the  wheels  are  driven  by  separate  enipne*t.  as  is  some- 
times done  on  river  boats,  perfect  control  is  secured,  as  they  can  be 
revolved  in  op)>(»ite  directions  when  desired.  Paddle  wheels  with 
feathering  blades  nn-  more  efBcicnt  than  those  with  fixed  radial  ones, 
but  practically  they  are  found  to  be  cumbersome,  ami  liable  to  get 
out  o(  order.  In  ocean  navigatfon  the  screw  has  now  aln'.ost  entirely 
replaced  the  paddle  wheel  on  account  of  its  higher  efficiency. 

Prob.  187.  The  radius  of  the  blades  of  a  paddle  wheel  is  lo.j  (eel  and  the 
number  of  ri-vututions  |icr  minute  i.s  14.  If  the  cflkiency  is  75  percent,  what 
is  the  velocity  of  the  boat  in  miles  per  hour?  Show  that  for  this  case  the 
slip  i»  3j  ])crcent  at  tite  velocity  of  the  boat. 


Art.  188.    "tHE  Screw  Propeller 

The  screw  propeller  consists  of  several  hclicoidnl  hladea 
attached  at  the  stern  of  a  vessel  to  the  end  of  a  horizontal  shaft 
wliif  h  is  made  to  revolve  by  steam  power.  The  dynamic  pressure 
of  the  reaction  developed  Iwtween  the  water  and  the  hclicoidul 
surface  drives  the  vessel  forward,  the  theoretic  work  of  tlie  screw 
bcinj(  the  product  of  this  pressure  by  the  distance  traversed. 
The  pitch  of  the  screw  Is  the  distance,  parallel  I0  the  sluift,  be- 
Inccn  any  point  on  a  helix  and  the  corresponding  point  on  the 
same  helix  after  one  turn  around  the  axis,  and  the  pitch  may  be 
constant  at  all  distances  from  the  axb.  or  it  may  be  variahlc. 
If  the  water  were  unyielding,  the  vessel  would  advance  a  distance 
eqtial  to  the  pitch  at  each  revolution  of  the  shaft;  actually,  the 
advance  is  less  than  the  pilch,  Ihe  difference  being  called  the 
"slip."  The  effect  thus  is  that  the  pressure  P  existing  between 
the  helical  surfaces  and  the  water  moves  the  vessel  wJlh  the 
velocity  V.  while  the  theoretic  velocity  which  should  occur  is  V, 
being  the  pitch  of  the  screw  mullipliei^l  by  the  number  of  rc\'olu- 
tions  per  second.  The  work  expended  is  hence  PV  or  P{v  ■+  Vi), 
if  I'l  be  the  slip  per  second,  and  the  work  utilized  b  Pv.  Ac- 
cordingly the  efficiency  of  screw  propulsion  is,  approximately, 

V 

e= 

which   is  the  same  expression  as  before  found  for  the  paddle 
wheel.    Here,  as  in  the  last  article,  all  the  pressure  exerted  by  the 
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blades  upon  the  water  is  supposed  to  act  backward  Id  a  direc- 
tion parallel  to  the  shaft  of  the  screw,  and  the  above  condusioQ 
is  approximate  because  this  is  actually  not  lie  case,  aod  al» 
because  the  action  of  friction  has  not  been  considered.  The 
practical  advantage  ol  the  screw  over  the  paddle  wheel  has  betn 
found  to  be  very  great,  and  this  is  probably  due  to  the  drcum- 
stance  that  less  energ}'  is  wasted  in  lifting  the  water  and  in  focin- 
ins  waves. 

Tlie  pressure  P  which  is  exerted  by  the  hclicoidal  blades  upon 
the  water  is  the  same  as  the  thrust  or  stress  in  the  shaft,  and  the 
value  of  this  may  be  approximately  ascertained  by  regarding  il 
as  due  to  the  reaction  of  a  stream  of  water  of  cross-section  a 
am!  velocitys,or  P  =  wa{v  +  Vi)v/g 

Another  expression  for  this  may  be  found  from  the  iodicatccj 
work  k  of  the  steam  cylinders  of  the  engines;  thus 

P  =  k/v 

Numerical  values  computed  from  these  two  expressions  do  not, 
however,  asrce  well,  the  latter  giving  in  general  a  much  less  value 
than  the  former. 

In  Art.  185  the  work  to  be  performed  in  propelling  a  vessel  of 
fair  form  having  the  submerged  surface  A  was  found  to  be 

k=fAv* 

If  the  value  of  v  is  taken  from  this  equation  and  inserted  In  the 
expression  for  efhciencj',  there  obtains 


{ 


i-i'Vi(A//k)i 
which  shows  that  e  increases  as  t,,  /.  and  A  decrease,  and  as  k 
increases.    Or  for  ^ven  values  of/  and  .4  the  cflTidency  decreases 
with  the  speed. 

It  has  been  observed  in  a  few  instances  that  the  "slip"  »i  is  ncgi- 
tive,  or  thai  V,  as  computed  from  the  number  of  revolutions  and  fMtdi 
of  the  screw,  is  less  than  t.  This  is  probably  due  to  the  circumstance 
llial  the  water  around  the  stern  is  follomnK  the  vessel  with  a  velocity 
»',  so  thai  the  real  slip  is  1'  —  c  -f-  v'  instead  of  T  —  p.  The  exist- 
ence of  negative  slip  h  usually  reganled  as  evidence  of  poor  design. 
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Turin  screwfs  «rc  fi«f|ucnUy  used,  and  since  these  revolve  in  op- 
posite directions,  the  vessel  ciui  be  more  readily  controlled.  Fig.  ISS 
allows  the  position 

of  the  twin  screws  — — ~     .k  i         -*  .ujv. 

with  respect  lo  the  ?=«fc—     e-mi  ^-^l^m^^Sa-t 

rudder.  On  some 
of  the  recent  hJRh- 
(wwrn'd  turb'ne- 
drivcD  stearrships 
two  and  thre« 
screws  all  n'.oun  ted 
on  a  single  shaft 
have  been  em- 
ployed. Two  sets 
of  engines,  and  two  shafts,  one  on  cich  side  of  the  rudder,  are 
often  employed  as  in  Fig.  188,  but  a  different  anangcmcnt  of  the 
shafts  with  r<^iccl  I"  the  hull  of  the  ship  permits  the  screws  to 
be  placed  at  considerable  distances  apart  on  the  shafts,  thus  obtain- 
ing u  greater  efficiency  than  in  the  case  of  the  single  screw. 

Prob.  1S8.  A  steamer  having  a  submerged  surface  of  joooo  square  feet 
is  propelled  at  iSknotspcr  hour  by  an  cxpendilurc  of  6ooo  horse-powers.  If 
the  pilch  of  the  screw  is  so  feet,  its  number  of  rc%'olulions  no  per  minute, 
and  /"  0.004,  compute  ihc  number  of  lost  horse-poweis. 


Fig.  18S. 


Aht.  189.    Stability  of  a  Ship 

In  Art.  14  the  general  principles  regarding  the  stability  of  a 
flouting  body  were  stated,  and  these  arc  of  great  importance  in 
the  design  of  ships.  The  center  of  gravity  is,  of  course,  always 
above  the  center  of  buoyancy,  and  the  nictaccntcr  must  be  above 
the  center  of  gravity  in  order  to  insure  stability.  The  distance 
between  the  metaccnter  and  the  center  of  gravity  is  denoted  by 
m,  and  if  the  body  be  inclined  slightly  to  the  vertical  at  Ihc  angle 
ff,  the  moment  of  the  couple  formed  by  ihe  weight  W  of  the  body 
which  acts  downward  through  the  tenter  of  gravity  iiud  the  uji- 
ward  pressure  W  of  the  dispLiced  water  which  acts  through  the 
center  of  buoyancy  is  Wm  lan^.  Hence  m  lan^  is  a  measure 
of  the  stability  of  the  body,  and  the  greater  its  value,  the  greater 
is  the  tendency  of  the  body  to  return  to  the  upright  position. 
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"^  UEirmrric  ha^t  m  cannot,  however,  be  made  very 

zrr:i-  .jr  'Jsc  rafsdity  of  rolling  increases  with  it.    When  a 

:a:ng:  "xxiy  ijt  ^iiip  is  di^Iaced  from  its  vertical  position,  it 

-  -Li  -.3  .um.  tro  iwith  iaochroDous  oscillations  like  those  of  a  pendu- 

21.  -jg  the  ame  of  me  oscillation  from  port  to  starboard  is 

3T  :iie  Kxnmla  

Dck  r  is  the  raifhis  of  gyration  of  the  weight  of  the  ship  about 

Tunzacrtai   ioniptariinal    axis   passing   through  its  center  of 

£•  :i:r.     SiOL'e  if  M  is  large  t  is  small  and  the  ship  rolls  quickly; 


.    -.-cKui  -■  fs  [arite  and  the  ship  rolls  slowly.     The  meta- 
-^!Uti    <•  -or  ivean  vessels  usually  ranges  from  2  to  15 
r  5  :"w.'t  being  the  usual  value. 

T  ,-!"-jt4ux'u  01    the  values  of  m  and  r  for  a  ship  is  a  labo- 

v,-^    «Lim:t.'  it;  cun'ed  shape  and  the  irregular  distribution 

,_.ii  ...u  -ai3S>.     The  process  wil!  here  be  applied  to  the  simple 

,,,.-ji:i«ic  Jr  *^  ''f  uniform  density.     Lei  li  be  the  height 

;,_.:!   •!  :hc  prism,  and  /  its  length  perpendicular  to  the 

-,-   .  »*^«.  n  Vig.  lS9a.    When  the  prism  is  in  the  vertical 

-.-n-iiM  iwat'on  is  jA,  if  s  IS  its  specific  gravity  (Art.  13', 

^   .     :^   -fc   <ngfit  of  the  immersed  portion  of  the  a.vis  AB 

^     -    it(!n«l  to  the  vertical  at  the  angle  6,  as  in  Fig- 

«     .net    .v*it'on  the  center  of  buoyancy  D,  being  the 

,  J, Y    v  -.tK  displaced  water,  is  easily  located,  and 

■.isk 


jA  ,  fc'  tan'fl 
2  24sk 


m  :«p«ct  to  B,  X  being  measured  normal  and  y 


Hip. 

to  AB.     The  distance  m  from  the  center  of  gravity  g  to  ihc 
tcenter  M  is  then  found  to  be 

If  m  ia  positive,  the  metacenter  is  above  the  center  of  gravity  and  the 
equilibrium  is  stable,  for  the  moment  Wm  tanO  restores  the  prism  to 
the  vertical  position ;  if  m  is  zero,  the  equilibrium  is  indifferent ;  if  m 
is  neftative.  ifac  equilibrium  is  unstable,  and  the  prism  falls  over. 

The  square  of  the  radius  of  gyration  of  the  prism  with  respect 
to  a  horizontal  longitudinal  axis  through  (7  is  its  polar  moment  of 
inertia  ^liblf+hif)  divided  by  its  volume  IM,  whence  ^  =  A(*'+^)- 
Por  example,  if  //  is  5  fti;t,  6  is  8  feet,  and  i  is  0.5,  the  value  of  r* 
is  7.43  feet'.  The  value  of  m  to  be  used  in  the  above  formula  for  the 
ti:ne  of  one  roll  is  that  obtained  by  makini;  $  equal  to  zero,  since  that 
formula  is  strictly  true  only  for  small  deviations  from  the  vertical, 
For  the  above  data  th's  value  of  m  is  +0.88  feet,  the  plus  sign  denoting 
stability,  and  hence  the  time  of  one  oscillation  from  port  to  starboard 
is  t  =  1.61  seconds.  It  is  seen  that  I  can  be  increased  either  by  in- 
creasing r'  or  by  decreasing  wt ;  since  a  decrease  in  in  is  unfavorable 
to  stability,  it  is  usually  preferable  to  increase  r*.  For  instance,  in 
loading  a  ship  the  cargo  maybe  placed  along  the  sides  rather  than  near 
the  middle  of  the  hold,  and  this  will  increase  r-,  as  the  width  of  a  ship 
is  always  greater  than  its  depth.  The  general  rule  to  |>romote  sta* 
bihty  and  (irevent  quick  rolling  is  hence  to  place  the  cargo  as  far  as 
possible  from  the  ceritt-r  of  gravity. 

The  above  formula  for  m  shows  that  the  moment  IVm  tanff  which 
rcstori-s  the  floating  prism  to  the  vertical  increases  with  the  angle  $ 
Up  to  a  maximum  value,  then  decreases,  and  when  D  arrives  verticiilly 
beneath  G.  it  becomes  zero  and  the  prism  upsets.  For  the  case  where 
k  =  S  feet,  fi  =  8  feet,  and  s  =  0.5,  the  value  of  m  tantf  is  0.00  feet 
for  6  —  a",  0.16  feet  for  6  =  10°,  0.37  feet  for  $  =  jo",  and  0.71 
feet  for^=  30*;  aX6  =  .jj"  the  corner  of  the  prism  becomes  immersed 
so  that  the  formula  no  longer  holds,  but  up  to  this  jw^nl  the  moment 
constantly  increases.  From  the  above  e.<ipression  for  m  the  solution 
I     of  Prob,  14  is  readily  made. 

I  Prob.  lS9i.    An  opi'ii  rtclangular  woo<!en  box  caisson  of  length  ?.  breadth 

b,  itnd  depth  4  has  sidt^  of  mcnn  thickness  b,  anH  3  boitom  of  Ihii'kncM  if,. 
Deduce  formtihs  for  the  metacentric  height  m  and  ibc  squared  radius  of 
gyration  i'.    Compute  m,  r*,  and  J  for  a  numerical  case.  ^h 
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AsT.  190.    Action  of  the  Rudiwe 

The  action  of  the  rudder  in  steering  a  vessel  involves  a  {Hi&- 
dple  that  deserves  discussion.     In  Fig.  100  is  shovn  a  plan  c^ 

a  boat  with  the  rudder  .turned  to  the 
starboard  side,  at  an  angle  6  with  the 
line    of    the    keel.      The    vekxdty  of 
the  vessel  being  v,  the  action  of  the 
water  upon  the  rudder  is  the  same  as 
if  the  vessel  were  at  rest  and  the  water 
in  motion  with  the  velocity  v.    Let  W 
be  the  weight  of  water  which  produce 
dynamic  pressure  against  the  rudder,  due  to  the  impulse  W '  t/g 
(Art.  152).    The  component  of  this  pressure  normal  to  the  rud- 

*^'^  P  =  Wvsme/g 

and  its  eSect  in  turning  the  vessel  about  the  center  of  gravity 

C  is  measured  by  its  moment  with  reference  to  that  point.    Let 

b  be  the  breadth  of  the  rudder  and  d  the  distance  CH  between  the 

center  of  gravity  and  the  hinge  of  the  rudder,  then  the  lever  arm 

of  the  force  i*  is  i     1 1  i   j       a 

I  =  ib  +  d  cose 

and  accordingly  the  turning  moment  is 

M  =  \W{^  sine  +  d  5\n2e)v/g 

To  determine  that  value  of  6  which  produces  the  greatest  effect 
in  turning  the  boat  the  derivative  of  M  with  respect  to  ff  must 
vanish,  which  gives  r— 


fc» 


64d^ 

and  from  this  the  value  of  0  is  found  to  be  approximately  45°, 
since  d  is  always  much  larger  than  b. 

Values  of  the  angle  6  for  several  values  of  the  ratio  b/d  may  now 
be  computed  as  follows: 


b/d=       1 

i 

iV 

rJl 

0 

cos  S  ■■  0.6815 

□.6916 

0.6947 

0.J069 

0.7071 

<'  =  46°S8' 

46'  IS' 

46°  00' 

45*  01' 

45' 
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which  shows  that  about  45°  is  the  advantageous  angle.  In  practice 
it  is  usual  to  arraiiRc  Ihc  mcchaiiUni  of  ihe  rudiler  so  that  it  can  only 
be  tUnicd  to  ;iii  uii^lt-  uf  about  41°  with  the  keel,  for  it  is  found  that  the 
power  required  to  turn  it  the  additional  3°  or  4°  is  not  sufficiently  com- 
pen.sale<l  by  the  sliglitly  gnrater  moment  that  would  be  produced. 
The  reasoning  also  shows  that  intensity  of  the  turninf;  moment  in- 
creases wiLli  T,  so  thai  thf  rudder  acts  most  [iromptly  when  the  boat 
is  mo^ng  rapidly.  For  the  same  reason  a  rudder  on  a  steamer  pro- 
pelled by  a  screw  Is  not  required  to  be  so  broad  .is  oni-  on  a  boat  driven 
by  puddle  wheels,  for  the  effect  of  the  screw  is  to  increase  the  velocity 
of  the  impinging  water,  and  hence  also  to  increase  the  dynamic  pres- 
sure against  the  rudder. 

I'rob.  190.   Kxplnin  how  i(  is  thnin  boat  can  sail  against  the  wind.    What 
is  the  iniluenoe  of  the  keel  in  this  motion  ? 

Art.  191.    Tides  and  Waves 

TTic  complete  discussion  of  the  subject  of  waves  might,  like 
many  other  branches  of  hydraulics,  be  expanded  so  as  to  em- 
brace an  entire  treatise,  while  there  can  be  here  given  only 
the  briefest  outline  of  a  few  of  the  most  important  principles. 
There  are  two  classes  or  kinds  of  waves,  the  first  including  the 
tidal  waves  and  those  produced  by  earthquakes  or  other  sudden 
disturbances,  anil  Ihe  second  thaive  due  to  the  wind.  The  daily 
tidal  wave  generated  by  the  attraction  of  the  moon  and  sun  orig- 
inates in  the  South  Pacific  Ocean,  whence  it  travels  in  all  direc- 
tions with  a  velocity  dependent  upon  the  depth  of  water  and  the 
configuration  of  the  continents,  and  which  in  some  regions  is  as 
high  as  icoo  miles  [rt  hour.  Striking  against  the  coasts,  the  tidal 
waves  cause  currents  in  inlets  and  harbors,  and  if  the  circum- 
stances were  such  that  their  motion  could  become  uniform  and 
permanent,  these  might  be  governed  by  the  same  laws  which 
apply  to  the  flow  of  water  in  channels.  Such,  however,  is  rarely 
the  case;  and  accordingly  the  subject  of  tidal  currents  is  one 
of  much  complexity  and  not  capable  of  general  formidation. 

The  velocity  of  a  tidal  wave  on  the  ocean  is  vgO,  where  D 
is  the  depth  of  the  water.  When  such  a^wave  rolls  over  the 
land,  the  greatest  velocity  it  can  h.ive  is  Vgi/,  where  d  is  its  depth. 
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thb  being  the  case  of  the  bore  (Art.  139).  The  velocity  of  a 
wave  which  is  produced  by  a  sudden  disturbance  in  a  channel  of 
uniform  width  has  also  been  found  to  be  V^Z),  where  0  is  ihe 
depth  of  the  water. 

Rolling  waves  ]>nxluced  by  the  wind  travel  with  a  vcloctt}'  vliicli 
is  small  compared  with  those  above  noted,  althouj;h  in  water  when 
the  disturbance  can  extend  to  the  bottom,  it  is  generally  supposed  tlul 
their  velocity  is  ^/gD.  Upon  the  oci-an  the  maximum  length  of  web 
waves  is  estimated  at  550  feet  and  their  velocity  at  about  5]  fcrtpcr 
second.  For  this  class  of  waves  it  is  found  by  olisexvatJon  ihat  earb 
particle  of  water  upon  the  surface  moves  in  an  elliptic  or  circular  orbit, 
whose  lime  of  revolution  is  the  same  as  the  time  of  one  wave  leojitli. 


F<g.  191. 

Thus  the  particles  on  the  crest  of  a  wave  are  moving  forward  in  the 
direction  of  thcniulionof  the  wave,  while  those  in  the  trough  are  erov- 
ing  backward.     When  such  wiives  advance  inlo  shallow  water,  their 
length  ai]d  s[>ecd  decrease,  but  the  time  of  revolution  of  the  j»rti- 
cles  in  their  orbits  remains  unaltered,  and  as  a  consequence  the  slopes 
becon>e  steeper  and  the  height  greater,  until  finally  the  front  slo;>e  be- 
comes vertical  and  the  wave  breaks  with  roar  and  foam.     Below  the 
surface  the  particles  revolve  also  in  elliptic  orbits,  which  grow  smaller 
in  fife  toward  ihe  bottom.    The  curve  formed  by  the  vertical  sec- 
tion of  the  surface  of  a  wavr  at  right  angles  to  its  length  is  of  a  cycloidal 
nature. 

The  force  exerted  by  ocean  waves  when  breaking  aKain:«t  se^ 
walls  is  very  great,  as  already  mentioned  in  Art.  155,  tnd  often  proves 
(kstrucli\'c.  If  walls  can  1>e  built  so  that  the  waves  are  reflected  with- 
out brcaVing.  as  is  sometimes  |>ossible  in  deep  water,  their  action  \i> 
letHlered  less  injurious.  Upon  the  ocean  wiives  move  in  the  same  di- 
rectitm  as  the  wind,  but  along  shore  it  is  observed  that  they  generally 
move  normally  toward  it.  whatever  may  be  the  direction  in  which  the 
wiiut  U  blowing-  The  force  of  wave  action  is  felt  at  depths  of  over 
loo  feet  bctow  the  surface,  for  sand  has  been  brought  up 
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of  80  feet  aiitl  dropiwl  ujHin  the  decks  of  vessels.  Shoals  also  cause 
a  marked  incnrasc  in  the  height  of  waves,  even  when  such  ^houU  are 
500  (eel  or  more  below  ihe  water  surface. 

Prob.  191a.  Inachaoncl  6.$teet  wiile.and  of  a  dq>th  decreasing  isfcct 
per  tooo  feet,  Bazin  generated  a  wave  by  suddenly  admitting  water  at  the 
Upper  end.  .\t  points  where  the  depths  were  j,i6,  i.Sj,  1.46,  and  0.80  fid, 
tile  veloeilics  were  observed  to  be  8.70,  S.67,  7. Ho,  and  6.69  feet  per  second. 
Uo  these  velocities  agree  with  the  theoretic  law  ? 

Prob.  1916.  Show  that  the  values  of  /  given  in  Art.  175  for  um  in  the 
formula  F=Jtf  are  lo  be  mu!iiplie<l  by  5. 155  when  p  b  in  meters  per  second 
and  F  in  kilograms  per  square  meter. 

Prob.  19I(.  Compute  the  metric  horse-power  required  for  a  velocity  of 
15  kilometers  per  hour  for  a  boat  which  has  a  submerged  area  of  137  square 
mctcts, 

Prob.  I91(/.  A  ship  rolls  from  starboard  to  port  in  7.5  seconds.  If  the 
metacentric  height  m  is  n  meters,  what  is  the  value  of  the  transverse  radius 
o(  gyration  of  the  ship  ?  How  much  musi  ihe  radium  of  gyration  be  increased 
in  order  to  increase  the  time  of  rolling  15  percent  ? 
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PUMPS  AND   PUMPING 


Art.  192.    General  Notes  and  Principles 

Among  the  simple  devices  for  raising  water  that  have  been 
used  for  many  renturics,  and  which  may  be  called  lift  pumps 
in  a  general  way,  are  the  sweq>  and  windlass,  buckets  attached 
to  a  revolving;  wheel,  the  chain  and  bucket  pump  where  the 
buckets  move  in  a  cyb'nder,  and  Ihc  .\rchimedian  screw.  The 
chain  and  bucket  pump  was  probably  first  used  by  the  Chinese 
in  the  fonu  of  an  inclined  trough  in  which  moved  the  buckets 
attached  to  the  cndlcs,f  chain,  antl  this  device  in  various  forms 
has  been  used  in  a.li  coutitrie*  for  lifting  water  from  wells.  The 
Archimedian  screw,  invented  by  the  great  engineer  Archimedes 
when  he  was  in  Ktrj'pt,  about  340  B.C.,  consists  of  a  tube  wound 
spirally  around  an  inclined  cylinder.  When  the  lower  end  is 
placed  under  water  and  the  cylinder  re\'olved,  the  water  is  lifted 
and  flows  out  of  the  upper  end  of  the  lulic.  This  screw  pump 
is  still  in  u^e.  in  northern  Egj'pt,  and  it  is  said  to  be  a  satisfactory 
apparatus  for  a  low  lift. 

The  fact  that  water  would  sometimes  rise  into  a  ^[Xice  from 
which  the  air  had  been  removed  was  known  at  a  remote  antiquity, 
and  this  was  frequently  explained  by  the  statement  that  "nature 
abhors  a  vacuum,"  It  was  not  until  the  middle  of  the  seventeenth 
century  that  the  true  reason  of  this  phenomenon  was  e}q>lained 
through  the  researches  of  Torriccili  and  Pascal  (/\rt.  4).  but 
prior  to  this  lime  a  rude  form  of  suction  pump,  made  by  attach- 
ing a  pipe  to  a  bellows  at  the  opening  where  the  air  usually  enters, 
was  used  in  both  France  and  dermany.  In  1733  the  first  true 
suction  and  bft  pump  was  devised  by  Boulogne,  and  a  Uttlc  later 
the  suction  and  force  pump  came  into  use. 
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The  force  pump  is  :i  device  for  rabin}{  water  by  means  ot 
pressure  exerted  on  it  by  ii  piston.  'ITie  syringe,  which  has  been 
known  from  very  early  times,  is  an  example  of  this  principle, 
but  the  first  true  force  pump  was  invented  in  Egypt  about  i20 
B.C.,  by  Clcsibius,  a  (ireek  hydrauljcian,  and  the  description  of 
it  given  by  Vilruviua  indicales  that  it  was  used  to  sume  extent 
by  the  Romans.  Tlic  early  force  pumps  were  jilaccd  with  their 
cylinders  below  the  level  of  the  water  to  be  lifted,  and  had  valves 
which  closed  under  the  back  jiressure  of  the  water.  By  placing 
the  cylinders  above  the  water  level  and  utilizing  the  principle  of 
suction,  the  suction  and  force  pump  originated. 

All  devices  for  rabing  water  may  be  classitied  under  the  three 
principles  above  mentioned:  that  of  lifting  in  buckets,  drawing 
it  up  by  suction,  or  forcing  it  up  by  pressure,  or  under  combina- 
tions of  these.  The  lift  or  bucket  principle  is  mainly  emi>Ioyed 
for  small  quantities  of  water  and  has  only  a  limited  use  in  en- 
gineering practice.  The  suction  principle,  combined  with  lift 
or  pressure,  is  extensively  used,  but  in  no  event  can  the  height 
of  the  suction  exceed  ,^4  feel,  for  it  is  the  atmospheric  pressure  that 
causes  the  water  to  rise  when  the  air  above  it  is  exhausted  ;  under 
this  principle  abo  may  be  put  injector  pumjis  which  operate  under 
the  action  of  negative  pressure-head  (Art.  31).  The  principle  of 
direct  pressure  governs  not  only  the  force  pump,  but  rotary  and 
centrifugal  pumps  and  also  the  devices  for  rabing  water  by  com* 
prc&.<icd  air. 

Whenever  water  is  raised  from  a  lower  to  a  higher  level,  an 
amount  of  work  must  be  expended  greater  than  Ihc  theoretic 
work  required  to  lift  the  given  weight  of  water  through  the  given 
height,  'fhc  excess,  called  the  lost  work,  is  spent  in  overcoming 
rcsbtanccs  of  friction  and  inertia.  In  designing  pumps  it  is  the 
object  to  reduce  these  losses  to  a  minimum,  so  that  llie  greatest 
economy  in  operation  may  resiUt.  The  subject  will  here  be 
mainly  considered  from  a  hydraulic  standpoint,  the  object  being 
to  set  forth  the  fundamental  principles  by  which  hydraulic  losses 
may  be  avoided  as  far  as  possible. 

Let  IF  be  the  weight  of  water  raised  per  second  and  A  the 
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If  irnri  work  per  second  k  is  Wk.  Let 

■.  :<r  acmd  be  called  K,  then  the  effidencj' 

i    Tire  work  JiT  to  be  considered  here 

-.3110  Jod  does  not  include  that  lost  ia 

-f^jZiux.  BOX  this,  of  course,  is  not  fairly 

■-^  .jr  ■iiting  apparatus.     If  jf  be  rc- 

P1;mi>5"3="'  -  ''''*  ^^^^  ^'^^  '"  overcoming  the 
_i  X  ^mdency  may  be  written 
Art.  102.     Gi  j 

=  ='r^  (192) 

Among  the  simpK-    ■  ^    '"^* 

used  for  m.iny  centmk-L  •■  ji*  annot  be  made  zero. 

in  a  general  wa>'.  arc  T  ^^^^  ^  p^^^p  ^^  ^^^  ^j^^  ^^^j^j  „. 

to  a  revolving  wheel.  t»--_^  _^  ^^^^  ^  .^  ^^^^  computed  ii 

bm-kcts  move  m  a  cyh-'^  ^^^^^     p^r  example,  to  raise  .50 

chain  and  bucket  pumr  -^^^^^^  ^f  ^^  feet  with  a  pump  having 

in  the  form  of  an  mclir-        ^„rk  which  must  be  imparled  to 

attached  to  the  endles"  ■  ' 

has  been  used  in  all  coi"*" 

Archimedian  srnw.  i,u..;.  .=  "  --=■  0.62  =  40340  foot-pounds, 

when  he  w;is  in  Iv^;  .  _-=.  -:.;  horse-powers. 

Spinilly  iinmnd   nn    "■  _^  _     .^^.  ^^^  ^f  ^.31^^  per  second  thruugh 

pUu'itl  under  water  :('■  ^  ._j^  ^  the  pump  ami  pipi-s  amuunti  lo 

and  llows  out  of  ih-'        .     _=*     1  -Je  pumping  plant  and  ihe  power  rc- 

i>  >lil]  in  use  in  nor;'  . 

apparatus  f.ir  a  low  " 

m-  fa.t  that  ^^.,.    .  ^^  *"-*^«  «^'  ^^'^"^' 

wliiih  the  iiirliiiii  1j  ,_ -aisieiding  one  unless  it  be  clearly 

and  this  was  Inqueni'  ^^j  ^ot  rise  in  a  vacuum  tube  unless 

ahhorsa  vaiuum."     I'  ^  i^t  underneath  it.     For  example, 

century  that  the  Inv  ^   j^*?:  the  surface  of  the  water  in  a 

thrinigli  the   research  ^^  taxf  to  rise.     When   the  tube  is 

prior  to  this  time  a  r-  ^^^^  n'wever.  the  water  will  rise  in  it 

itii:  .1  pilX"  to  a  bellow^  ^mse-i.  since  the  atmospheric  pressure 
w.is  i:>L-d  in  both  Frii^^,^^^-^^  water  pushes  it  up  until  equilib- 
fiiction  .ind  lift  pun 
the  suction  and  forcp" 


Frii  gp.-wi»  water  pushes  it  up  until  equilib- 

iinfT^        -^  iBCia  3t:r.ospheric  pressure  ot  14.7 
jrcP*^  -  .^  jet  kvc.  is  equivalent  to  a  height 
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of  water  of  34  feet,  anfi  this  is  the  limit  of  raising  water  by  suc- 
tion alone.  In  pniclicc  this  height  cannot  be  reached  on  account 
of  the  impossibility  of  producing  a  perfect  vacuum,  and  it  is  found 
that  about  38  feet  is  the  maximum  height  of  suction  lift. 

The  height  of  the  water  barometer  varies  with  the  state  of 
the  weather,  with  the  elevation  above  sea  level,  and  with  the 
tcmperalurc.  The  value  of  34  feet  is  thai  corresponding  to  a 
reading  of  30  inches  on  the  mercury  barometer  at  a  temperature 
of  32"  Fahrenheit.  For  higher  temperatures  more  or  less  vapor 
is  evaporated  from  the  water  surface  and  fills  the  suction  tube, 
so  that  a  complete  vacuum  cannot  be  formed.  When  the  mercury 
barometer  reads  50  inches,  the  water  barometer  is  only  33.4  feet 
if  the  temperature  of  the  water  is  60°  Fahrenheit,  32.4  feet  at 
90".  about  30  feet  for  120',  about  23  feet  for  160°,  about  6  feet 
for  200°,  and  for  212°  its  height  is  zero,  since  the  tube  is  then 
filled  with  steam.  Hence  water  at  the  boiling-point  cannot  be 
raised  by  suction. 

Fig.  193  gives  two  diagrams  illustrating  the  principle  of  action 
of  the  common  suction  and  lift  pump.  It  consists  of  two  verti- 
cal tubes  BD  and  BE.  the 
former  being  called  the  suc- 
tion pipe  and  the  latter  the 
piimp  cylinder.  The  piston 
A  in  the  pump  cyUnder  h;is 
a  valve  opening  upward,  and 
the  valve  B  at  the  top  of  the 
suction  pipe  also  opens  up- 
ward. In  the  left*hand  dia- 
gram the  piston  is  descending, 
the  valve  A  being  open  and 
B  Iwing  closed  under  the  pres- 
sure of  the  air  in  the  space 
between  them.  In  the  right- 
hand  diagram  the'  pbton  is 
ascending,  the  valve  A  being  closed  by  the  pressure  of  the  air  or 
water  above  it,  while  B  is  open,  owing  to  the  excess  of  atmos- 
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-ers:  TLuifum.  in  BD  above  that  in  AB.  In  the  first  diagram 
:<:  iK:?a  :a5  rsade  only  one  or  two  strokes,  so  that  the  water 
^  -stn  3IIC  t  short  distance  in  the  suction  pipe.  In  the 
•-r.  ,'au  ht-rnm  rfae  piston  has  made  a  sufficient  number  of 
r-siii-'  :a.L  ±e  pump  c>'Iinder  b  full  of  water  which  is  flowing 
iL  ...  .^K  ?auut  E. 

".;■-    '  "w  the  'iistance  from  the  water  level  D  to  the  lowest 
-'i»o-a    [  'iu:  piston :  this  is  called  the  height  of  lift  by  suction 
-- .    r  ;e  :3e  height  from  the  lowest  position  of  the  piston  to  the 
t-.  M!'r!>r  :iie  water  flows  out;  this  is  called  the  height  of  lift 
•■r  -Lsit'tL     Hie  liistance  Ai  +  Aj  is  the  vertical  height  through 
;:^.  ■      -  v;:n.T  is  raised,  and  if  W  be  the  weight  of  water  raised 
:e  --!.■[ id.  :he  useful  work  per  second  is  W(hi  +  A5).    The 
t:'i*      ■■viTttti  :o  the  pump  through  the  piston  rod  is  always 
,  'T-.i:,..',     ■t.i  "Ills  useful  work,  since  energy  is  required  toovercoire 
-     -,    ■■i';-.i  -eststuntts  due  to  the  motion  of  the  water  and  pis- 
~  .  >.    1.1  overvome  the  resistance  of  inertia  in  putting  them 
....■«. 

.  -,  ,;s>  .he  dLtion  of  the  pump  in  detail,  let  /  be  the  stroke 

\i;  :<.  :he  distance  between  its  highest  and  lowest 

I    K  :I:e  area  of  the  cross-section  of  the  pump 

•.::  ..>i  the  suction  pipe.     Let  the  piston  be  sup- 

.^  -  .'wf^t  [x«ition  at  the  beginning  of  the  operation 

■.-.?  "veil  raised  in  the  suction  pipe  above  the  level 

,'u  raising  the   piston  through  the  stroke  /  it 

-,      .  >  ■■.-■•'.v.'  .1/,  and  the  volume  of  air  afii  now  has  the 

■i       .1-    in  which  x  is  the  height  through  which 

• ■..  -iis  the  upward  stroke.     Let  h„  be  the  height 

■,.     ,: ■Lii'-  corresponding  to  the  air  pressure  above  the 

.    ,      .     -i  "vgiiining  of  the  stroke,  then  li^  —  y  is  the  pres- 

■v   .-'xi  •-'(  the  stroke.     Since,  by  Mariotte's  law, 

,.0,   -     .      ,'.ivn  quantity  of  air  is  inversely  as  its  volume, 

.>  >/i    .1/  +  afh  —  ax),  whence, 

't-^hi  +  h,)x  +  rllu^-o 
^  .jn.>f!is  Lht  ratio  A/a.     For  example,  let  A  be 

V     -s-^-".   iiv'K-s,  or  r  =  4,  let  hi  be  zo  and  /be  1.5  feet; 


R4Usiiig  WHk-r  by  Suction.     AH.  193 


£00 


th«»  for  Au  =  j(  feet,  llie  water  rises  during  the  first  upward 
stroke  to  the  height  x  =  3.6  feet.  For  the  Hecond  upward  stroke 
/la  is  34.0  —  3.6  =  30.4  feet  and  Ai  is  ao.o  —  3.0  =  1O.4  feet; 
then  the  formula  p%-cs  x  =  3.7  feet,  so  that  the  water  level  now 
Stands  7.3  feel  abo\c  ils  ongioal  level  D.  Proceeding  in  like 
manner,  it  is  found  that  at  the  end  of  the  third  upward  stroke 
the  water  stands  at  11.3  feet  above  its  original  level.  Similarly  at 
the  end  of  the  fourth  upward  stroke  it  b  found  to  be  tj.^  feet 
above  D.  while  at  the  end  of  the  fifth  upward  stroke  it  has  readied 
a  height  of  19.8  feet  above  its  original  level.  During  the  progress 
of  the  sixth  upward  stroke  the  water  enters  the  pump  cylinder, 
during  the  next  downward  stroke  it  flows  through  the  piston 
valve,  and  in  the  seventh  upward  stroke  the  water  above  the 
pbton  is  lifted  and  flows  out  through  the  spout. 

The  iweccdiii.?  discu.'tsion  supjjoses  that  there  is  no  leaka^  of 
air  through  and  around  the  piston,  but  this  cannot  be  attained  in 
praciicui  hence  the  dcRree  of  rarefaction  below  the  pistua  is  never  so 
great  as  the  above  formula  gives,  and  the  number  of  strokes  refjuircd 
to  deviite  ihe  water  al>ove  the  valve  B  is  larger  than  the  computed 
number.  When  the  suction  height  is  greater  than  25  f*^'.  'I  becomes 
diilictilt  ti>  iweiire  sufficient  rarefaction  to  lift  the  water,  and  hence  a 
foot  valve,  also  opening  upward,  is  placed  in  the  suction  pipe  below 
the  water  level  D.  The  pump  cylinder  and  suction  pipe  can  then  be 
primed,  or  filled  with  water  from  above,  and  after  this  1$  done  there 
will  be  no  difficulty  in  operating  the  pump.  If  there  i»  no  foot  valve, 
it  will  be  necessary  to  have  a  very  long  piston  stroke  in  order  to  start 
the  pump,  but  with  a  foot  valve  the  stroke  of  the  piston  may  be 
any  convenient  length. 

The  action  of  this  pump  is  intermittent,  and  water  Bows  from  the 
*]XHil  only  during  the  upwanl  stroke  nf  the  piston.  When  there  are 
iV  upward  strokes  per  minute,  the  discharge  in  one  minute  is  NAl, 
if  ihe  piston  and  iu  valve  l>e  t'ght.  The  useful  work  \kt  minute  Li 
JVtt'/t/(At+A.),  if  w  be  the  weight  of  a  cubic  unit  of  water.  When  I 
and  Ai+A,  are  in  feet,  .1  in  stjuare  feet,  and  «•  in  pounds  per  cubic  foot, 
the  horse-power  ocjx'ndcd  in  this  useful  work  is 

and  Ut  th's  must  he  added  the  horse-power  required  to  overcome 
tile  rcs'stiinces  of  friction  and  inertia.    This  additional  ix>;rcr  often 
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pheric  pressure  in  BD  above  that  in  AB.     In  t]i 
the  piston  has  made  only  one  or  two  strokes,  bo 
has  risen  but  a  short  distance  in  the  suctkm 
second   diagram    the  piston  has  made  a  stiffir 
strokes  so  that  the  pump  cylinder  is  full  of  watei 
out  at  the  spout  E. 

Let  Ai  be  the  distance  from  the  water  Ii" 
position  of  the  piston ;  this  is  called  the  hdgi- 
Let  ht  be  the  height  from  the  lowest  positioii 
spout  where  the  water  Bows  out ;   this  is  c;i' 
by  the  piston.     The  distance  h,  +  hi  is  the  vf 
which  the  water  is  raised,  and  if  IV  be  thi-  > 
in  one  second,  the  useful  work  per  secoii^ 
eneigy  imparted  to  the  piunp  through  [l> 
greater  than  this  useful  work,  since  energ> 
the  friclional  resistances  due  to  the  moti 
ton,  as  also  to  overcome  the  resistance  •. 
into  motion.  ^ 

To  discuss  the  action  of  the  pump  i  , 

of  the  piston,  that  is,  the  distance  bet, 
positions.    Let  A  be  the  area  of  the 
cylinder  and  a  that  of  the  suction  pii 
posed  to  be  at  its  lowest  position  at  it 
when  no  water  has  been  raised  in  the 


■'■111-  ■..■■Gdni 
ii..iinlriu(d 


D  in  Fig.  193.     On  raising  the  ^ 

describes  the  volume  Al,  and  the  ■ 
volume  Al  +  a{hj  —  r)  in  which 
the  water  rises  during  the  upwart 
of  a  water  barometer  correspond 
wafer  level  at  the  beginning  of  l\ 
sure-head  at  the  end  of  the  st 
the  pressure  of  a  given  quantil 
(//fl  —  x)/lia  equals  ahi/{Al  -fj 

in  which  r  represents  the/r 
8  and  a  be  2  square  inches;  O' 


\:d\  ran  traiB- 
"<l  k.h]  sdi]  thus 
I  '1  little  or  no 
.  :  till-  body  of 
iil-hcd  thesup- 
■vL-Jtni    fotiM 
I ;-  both  by  suction 
.  :lu-  former  occur- 
li.  m  pipe  and  the 
iL    f'litrip   cylinder, 
vvs  the  principle  of 
liiC  common  vertical 
%  >uction  and  force 
vtsch  tbere  is  no  water 
pbton.     In  the  Mt- 
the  piston  is  as- 
^^  utd  the  water  b  rising 
5t  «anJoci  pipe  BD  under 
almiispheric  pres- 
ascent  of  the  water 
in  Art.  193.  and 
nictum  valve  B. 
adfaig  and  f ordng 
ulttR  this  pipe 
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Joins  the  pump  cylinder,  is  a  check  valve  which  closes  on  the 
upward  slruke  and  thus  prevents  the  water  in  CK  from  retuniing 
into  the  pump  cylinder,  while  it  opens  on  the  downward  stroke 
under  the  upward  pressure  of  the  water. 

1^1  .'1  lie  the  area  of  the  cross-section  of  the  pump  cylinder 
and  /  liie  length  of  the  stroke  of  the  piston.  Then  at  each  upward 
stroke  a  volume  of  water  equiil  to  Al  is  raised  through  the  suction 
pijw.  and  in  each  downward  stroke  the  -same  volume  is  raised  in 
the  discharge  pipe.  If  h  be  the  total  lift  above  the  water  level 
D  and  w  the  weight  of  a  cubic  unit  of  water,  the  work  done  in  each 
double  stroke  is  u-Alh.  If  there  be  made  ^V  double  strokes  per 
minute,  the  uiMrful  work  per  minute  is  -Vw.l/A.  When  all  dimen- 
sion.s  arc  in  feet,  the  horse-power  required  to  do  this  useful  work 
is  found  by  dividing  this  quantity  by  53  oco.  and  the  actual 
horse-power  required  to  run  the  pump  is  greater  than  this  by  the 
amount  needed  to  overcome  the  frictiotial  resistances.  This 
additional  power  will  depend  upon  the  length  of  the  suction  and 
discharge  pi[K-s.  the  speed  at  which  the  pump  is  operated,  the 
friction  along  the  sides  of  the  jiiston,  the  losses  of  head  in  the 
passage  of  the  water  through  the  valve  opening,  and  the  losses 
of  energy  due  to  i>utting  the  water  into  motion  at  each  stroke. 
The  efficiency  of  single-acting  suction  and  lift  pumps  lience  varies 
between  wide  limits,  90  percent  or  more  being  obtained  only  for 
vcr>-  low  speeds  and  lifts,  while  for  high  speeds  and  lifts  it  may 
be  30  percent  or  less. 

E 
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The  cylinder  of  the  single-acting  pump  may  be  placed  hori- 
zontal, as  seen  in  Fig.  194i,  where  BD  is  the  suction  pipe  and 
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CE  the  discharge  pipe.    When  the  piston  moves  toward  the  ieft, 
the  suction  valve  B  opens  and  the  check  valve  C  closes ;  when  it 
moves  toward  the  right,  B  closes  and  C  opexts.    The  diachaige 
is  intennittent,  as  in  the  previous  case,  but  the  horizontal  positka 
of  the  piston  sometimes  renders  the  connection  of  the  piston  rod 
to  the  motor  more  convenient.    If  the  height  of  the  suction  lift  be 
equal  to  that  of  the  discharge  lift,  the  force  required  to  move  the 
piston  will  be  the  same  in  each  stroke  and  the  pump  will  work 
with  less  shock  than  where  the  two  lifts  are  unequal.    Usually, 
however,  the  height  of  the  discharge  lift  is  greater  than  that  of 
the  suction  lift,  and  the  force  required  to  move  the  piston  is  then 
the  greatest  when  it  moves  from  left  to  right  in  Fig.  194fr.    In 
order  to  equalize  the  forces  exerted  by  the  motor  the  duplex  pump 
was  devised ;  this  consists  of  two  smgle-acting  cylinders  placed 
side  by  side  and  connected  to  the  same  suction  and  discharge 
pipe,  the  pistons  moving  so  that  one  exerts  suction  while  the 
other  is  forcing  the  water  upward.    Three  single-actii^  cylinders 
are  also  sometimes  connected  with  the  same  suction  and  dis- 
charge pipe,  in  which  case  it  is  called  the  triplex  pump.     Duplex 
and  triplex  pumps  give  a  more  nearly  continuous  flow  of  water 
in  both  the  suction  and  discharge  pipes,  and  thus  diminish  the 
shocks  that  occur  in  a  pump  with  one  cylinder,  while  the  efficiency 
is  materially  increased  because  the  losses  due  to  starting. and 
stopping  the  columns  of  water  are  in  large  part  avoided. 

A  double-acting  pump  is  one  having  a  single  cylinder  in  which 
a  solid  piston  or  plunger  exerts  suction  and  pressure  in  both 
strokes  and  thus  gives  a  nearly  continuous  flow  through  suction 
and  discharge  pipes.  Fig.  I94d  shows  the  fonn  known  as  the 
piston  pump,  while  Fig.  194e  is  that  called  the  plunger  pump, 
the  piston  being  replaced  by  a  long  cylinder  moving  in  a  short 
stuffing  box  A  A.  In  both  figures  D  is  the  suction  pipe  and  E 
the  discharge  pipe.  When  the  piston  moves  from  left  to  right, 
the  valves  B,  and  Cj  open,  while  Bj  and  C|  close ;  when  it  moves 
in  the  opposite  direction,  B^  and  d  open,  while  Bi  and  Ct  close. 
The  plunger  pump  was  invented  in  the  seventeenth  century,  and 
its  advantages  over  the  piston  type  are  so  great  that  it  is  now 
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extensively  used  for  large  pumptnf;  machinery.  The  cylinder  of 
the  piston  pump  must  be  bored  to  an  exact  and  uniform  size,  and 
its  pbton  must  be  carefully  packed,  while  tn  the  plunger  pump 
only  the  short  length  of  the  stuffing  box  is  bored  and  packed,  the 
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plunger  itself  having  no  packing.  Tlie  water  lifted  in  one  stroke 
of  either  pump  is  Al,  where  A  is  the  area  of  the  piston  and  I  the 
length  of  its  stroke,  provided  there  is  no  leakage  past  Uie  packing. 

For  all  the.se  (ornis  of  pumps  a  foot  valve  should  be  ptucetl  in  the 
suction  pipe,  if  the  suction  lift  exceeds  so  feet,  in  order  that  the  pump 
may  be  readily  primed  (-\rt.  1!KJ).  To  reduce  the  shocks  that  occur 
to  a  certain  extent  even  in  the  double-acting  pumps,  an  air  chamber 
is  frequently  attached  to  the  discharge  pipe  so  that  the  confined  air 
may  di.'ttrilmle  and  les.wn  the  shock  that  would  olhtTwi.-se  he  concen- 
trated on  the  end  of  the  discharge  pijic.  Fig.  liMc  shows  such  an  air 
chamber  attached  to  a  single-acUnf;  pump;  in  the  up|>cr  j>art  of  it 
b  seen  the  compressed  air  which  is  receiving  the  pressure  from  the 
[Litton,  .\fter  the  check  valve  C  closes  the  pre!*.*»ure  of  this  air  m.iin- 
tains  the  tlow  up  the  discharge  pipe  E,  and  hence  the  air  clumber 
lieijw  to  avoid  the  losse*  clue  to  intermittent  flow.  .\  duplex  pun  p 
or  a  double-acting  pump,  when  provided  with  an  air  chamber  of  proper 
sijw,  will  work  very  smoothly. 

Proli.  Iftl.  Coiwull  Ewtiiinks"  Hytlmulic*  and  Jlcchanics  (New  York, 
i8.(7).  .nmMcsrribea  melhod  of  raising  walcr  through  n  low  lilt  by  niwtns  of 
a  friciioalesa  plunger  pump.  Ewbank  noies  that  a  stout  young  roan  weigh- 
ing 1 34  pounds  raiMil  It {  cubic  feci  [xrr  minute  with  this  machine  to  a  height 
^of  iij  feet,  and  worked  at  this  rate  nine  hours  per  day.  It  the  rfliciency  of 
this  pump  was  unity,  what  horse-power  did  the  stout  young  man  exert  ?  Was 
■  perfomuncc  high  or  low  ? 
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Art.  195.    Losses  in  the  Force  Pump 

A  reliable  numerical  computation  of  the  hydraulic  I 
o(  energy  in  the  force  pump  cannot  be  made  without  kno 
the  constants  to  use  in  finding  the  losses  of  head  due  to 
valves  (An.  92).  and  these  have  been  ejtperimentaDy  determined 
for  only  a  few  special  forms.     The  \'alves  shown  in  most  of  the 
figures  of  the  preceding  articles  are  simple  flap  valves,  but  poppet 
valves  arc  more  generally  used,  and  Fig.  194e  indicates  such.    In 
passing  through  a  valve  the  water  loses  energy  in  friction,  and  also 
in  impact  due  to  the  subsequent  expansion.     Since  pumps  are 
made  in  numerous  forms  having  different  details,  general  discus-fl 
sions  of  losses  are  difficult  to  make.     The  attempt  will,  however. 
be  undertaken  for  the  plunger  force  pump  of  Fig.  VMe.     Ix-t  h 
be  the  total  height  through  which  the  water  is  lifted  by  both 
suction  and  pressure,  and  /i'  be  the  sum  of  aU  the  hydraulic  losses 
of  head.     Let  K  be  the  energy  delivered  per  second  to  the  piston 
rod,  k'  the  energy  expended  in  friction  in  the  siuHJng  boxes  of  the 
piston  rod  and  plunger,  q  the  discharge  per  .second,  and  ic 
weight  of  a  cubic  unit  of  water.     Then 

K  =  k-  +  wg(h  +  '^  +  h') 

and  the  pump  should  be  .so  arranged  as  to  make  the  losses  k'  and 
*'  as  small  as  i>ossib!e.  Only  the  hydraulic  losses  will  be  eon- 
sidered  in  the  following  dbcussion. 

By  means  of  the  principles  of  Chap.  7  a  rough  formulation 
of  the  elements  that  make  up  the  lost  head  A'  can  be  effected, 
KuplHisinj;  the  flow  in  the  pipes  to  be  steady.  Let  /i  be  the  length, 
Ji  (he  tliamctcr,  and  ri  the  velocity  for  the  suction  pipe,  and  /j, 
Ji,  and  vt  the  same  things  for  the  discharge  jMpes.  Let  an  bs 
Ihc  number  of  valves  in  the  suction  and  discharge  chambers 
^^"^g.  !!>!<■).  all  being  taken  of  the  same  size,  and  let  V  denote 
the  velocity  of  the  water  through  each  valve  opening.  I.«t  these 
chambers  be  so  large  that  the  velocity  of  the  water  through  (hem 
Ik  ver>*  small  compared  to  that  in  the  pipes  and  valve  opening. 

\  di  /2g  2g  dt2g 
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giv-es  all  the  b>-draii!ic  losses  of  bead.  In  the  Ar<4  pftrmihMtftJ 
m  indicates  the  loss  due  to  entrance  m  the  iixil  tif  ihc  s«cik»  (ftp* 
(Art.  89). /r, 'rf,  tbc  fritiion  lass  in  the  suctiiw  pijw  (.Vrt.yttl, 
and  I  the  loss  due  to  expansion  (Art  76)  as  the  wnttr  <mtm  th« 
suction  chamber  B,Bt.  In  the  swcMid  [wrcnthcsis  m'  indit'Ate* 
the  los.1  due  to  the  open  valves  (Art.  92)  anil  i  thai  due  to  sudden 
expansion  as  ihc  water  enters  the  pump  cylinder  through  iho 
suction  valves  and  tlie  discharge  chamber  dC)  ihnmjth  thr  lUs- 
charge  valves.  The  last  term  gives  the  loss  <I\ic  lo  (riclton  in  the 
discharge  pipe.  If  there  is.  an  air  chamber  on  ihe  discharge  pipt', 
another  term  might  be  introduced,  but  as  the  ciTfCt  o(  ihu  air 
chamber  in  reducing  water  hammer  is  a  beneficial  one,  Ihln  lerm 
need  not  be  used.  The  starting  and  slopping  of  the  piHlon  hrlngH 
in  other  losses  of  energy,  but  as  these  are  not  hydntulit  Iosrcii 
they  will  not  be  considered  here. 

\N'hen  the  pipes  arc  long,  the  losses  due  lo  pijie  rrirlloti  will 
far  exceed  those  in  the  pump,  and  are  not  fairly  rhargi-able  ngiilnfil 
it  as  a  machine;  h<mcc  in  order  to  consider  the  pump  «l<»no 
the  lengths  /t  and  It  may  be  made  equal  to  zero,  oa  alHO  m  In  the 
first  parenthesis.    Then  (orniula  (195)  bc<:onies 


H 
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in  which  the  fint  torn  of  the  *camA  nMmber  gfvc»  fbr 
head  in  entering  the  suction  chamber,  and  the  leoond  UmmT  i 
curring  in  entering  artd  leaving  (be  pwnp  cjSaiiet.    T^ris 
tion  appears,  at  firtt  tboaght,  to  tctdicate  that  a  mKtkm  • 
is  not  a  hydraulic  advaaugir.  ale  bough  it  is  kmrwn  Pr 
practical  advaoU^  in  cmmtHg  the  valvea  lo  opttile  amceaahMf^ 
as  also  in  |iiiiia'lliig  ttady  ACctm  to  Ibem.    U  a  he  the  xt*»  t4 

«adi  valveapenit'"<l'ilIi>to'^*'*'*^pHP*'  then  #i»i  mviC 
cqnal  \maV.  iSaat  Ihe  anae  cfitmAf  of  mler  ptmm  ptft  .woM 
throu^  tfae  faction  pipe  and  ihrrMigli  }«  vnhrta.  Afiv*fiiin^  flM 
total  bs  ot  bead  ia  tbc  ptMi^  msf  be  wfHltm 
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which  clearly  shows  that  this  loss  deczeases  aa  the  mnnba  of 
valves  increases,  when  a  is  kept  ccoistaDt.  Theref<»e  the  socdcii 
and  discbaige  diambers  may  be  made  to  give  a  hydraulic  admt- 
tage,  either  by  using,  many  valves  of  a  {pven  size  or  1^  malng 
the  total  valve  area  na  sufficiently  large,  sioce  h!  is  thusdiminiiliQL 
He  number  o£  valves  will  usually  be  8,  is,  ot  i6.    . 

As  a  numerical  examine,  take  a  plunger  force  pump.  Eke  Fig. 
194«,  havEng  a  piston  area  A  =  0.84  square  feet,  and  a  stroke  d  1.3; 
feet,  the  number  of  single  strokes  per  minute  being  30.  The  TofaoDe 
of  water  lifted  per  second  is  hence  50  X  0.83  X  1.25/60  —  0.535  cnixc 
feet.  Let  the  diameter  of  the  suction  pipe  be  10  inches  and  tlie  ira 
ci  its  cross-section  a^  =  0.545  square  feet  The  mean  vdod^  in  tbe 
suction  pipe  is  then  0.535/0.545  —  0.96  feet  per  second.  Let  thoe  be 
13  valves  in  the  suction  chamber,  so  that  »  =  6,  and  let  the  area<rf 
each  valve  opening  be  a  =  8  square  inches  =  0.0556  square  feet 
The  velocity  through  each  of  the  open  valves  is  then  V  =  o.sjs/J 
X  0.0556  —  3.15  feet  per  second.  As  Art.  92  does  not  give  the  vshm 
of  m'  for  poj^t  valves,  it  may  be  here  noted  that  the  experiaenU 
of  Bach  *  indicate  that  they  range  from  i.i  to  2.8,  depending  upon  tlie 
height  of  \'alve  lift  and  the  width  of  the  seat.  Taking  3  as  a  meaa 
vttluf  of  m',  the  lost  head  in  the  pump  is 

k'  ^  o.o.sss[.  +  8  X  3(^f^J]o.96'  =  0.96  feet. 

Th<r  Hst'ful  head  A,  when  the  lengths  of  the  suction  and  discharge  pipes 
art-  (lisrt'curded,  is  probably  about  3  feet,  so  that  the  hydraulic  effi- 
tit'iuy  is  r  =  A  (A  +  A')  =  0.75.  If  the  lengths  of  the  vertical  suction 
uiiil  ilisi'har^'  pipes  be  each  20  feet  and  their  diameters  be  10  inches, 
tUt'  useful  hi-ad  A  is  about  43  feet  and  from  (195)  the  value  of  A'  is 
UniDtt  tt<  lit'  about  one  foot,  so  that  the  hydraulic  efficiency  Is  about 
tvy;.  Thi-  velocity-head  V/^?  which  is  lost  at  the  top  of  the  dlscharjse 
(lilH-  is  Hon'  only  o.oi  feet,  so  that  it  is  unnecessary  to  consider  it  in 
Ut'tiTiiuititi^  the  efficiency. 

This  discussion  shows  that  the  losses  of  head  in  force  pumps 
iii;iy  l>e  iiuiile  \ery  slight  by  running  them  at  low  speeds  In  order  that 
iho  VfttKitv  t\  may  be  small.  It  shows  that  the  losses  decrease  as  the 
art'us  of  the  valve  openings  and  their  number  are  increased.     It  shovs 

*  Zcilschtift  deutscher  Ingenieur  Verein,  tSSG,  p.  411. 
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that,  for  vertical  suction  and  discharge  pipes,  the  effidenty  increases 
with  ihi-  useful  Itft  h,  if  the  velocity  in  the  pipes  is  the  same  for 
diflferent  lifts.  These  conclusions  are  verifitil  liy  t.vi)erinK!nls,  some 
of  which  will  be  noivA  in  the  next  article.  Since  the  flow  through  the 
valves  an<i  pump  cylinder  is  not  quite  steady,  nuitiericat  com pu tuitions 
like  the  alwvc  cannot,  however,  be  expected  to  give  more  than  rough 
approximate  results;  nc^'e^thclcss  such  rcsulLs  are  useful  in  indicating 
the  iniluencc  u(  the  n^istances  upon  the  efficiency. 

Prub.  195.  For  the  aliove  numerical  example,  compute  the  horst^-power 
required  to  run  the  pump  when  the  useful  lift  is  4.)  feet,  assuming  that  j  per- 
cent of  that  power  is  expended  in  overcoming  friction  in  the  stulTmg  boxes. 


Art.  196.    Pumping  Engines 

The  steam  engine  was  invented  and  perfected  through  the 
desire  to  devise  methods  of  pumping  water  better  than  those  in 
which  the  power  of  men  and  horses  was  used.  Worcester  in 
-1633,  and  Papin  in  1695,  used  the  direct  pressure  of  steam  upon 
water  in  a  cylinder,  and  Savery  in  1700  used  both  such  pressure 
and  the  partial  vacuum  caused  by  the  condensation  of  the  steam. 
Ncwcomen  in  1705  used  a  piston,  on  one  side  of  which  steam 
was  applied  and  condensed,  the  motion  of  the  piston  being  com- 
municated by  a  walking  beam  to  the  piston  rod  of  a  pump.  Watt, 
about  1775,  introduced  the  crank,  the  parallel  inoiion.  ihecut-olT, 
the  governor,  and  other  improvements ;  he  also  brought  the 
steam  to  both  sides  of  the  piston,  thus  making  the  engine  double- 
acting.  Tiie  finil  important  application  of  the  steam  engine 
was  in  operating  pumps  to  drain  mines,  but  it  soon  came  into 
use  in  all  branches  of  industry  where  power  was  needed.  Its 
influence  on  modem  progress  has  been  great. 

The  modem  pumping  engine  consists  of  one  or  more  steam 
cylinders  connected  to  the  same  number  of  pump  cylinders  by 
piston  rods,  so  that  the  steam  pressure  is  directly  transmitted 
through  them  to  the  water.  Il  is  imjKirtant  that  the  pressure 
in  the  water  cj'Iinder  should  be  maintained  nearly  constant 
during  the  length  of  the  stroke,  and  hence  the  steam  should  not  be 
used  expansively  in  the  usual  way;  to  insure  constant  steam 
pressure  some  form  of  compensator  is  used.    The  water  cylinders 
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agrees  with  that  of  Watt,  if  the  coal  used  be  of  such  quality  that 
ont-  jwund  of  it  [losscsscs  a  potential  energy  of  loooo  British 
heat  units,  which  is  somewhat  less  than  thai  obtaiiiabk-  from 
average  coal.  The  higher  the  tluty  of  a  pumping  engine  the 
greater  is  the  amount  of  work  that  can  be  performed  by  burning 
a  given  quantity  of  coal.  A  high-duty  engine  is  hence  econom- 
ical and  a  low-duty  engine  is  wasteful  in  coal  consumption,  but 
the  first  cost  of  the  former  is  much  greater  than  that  of  the  latter. 

A  duty  test  of  a  pumping  engine  consists  in  determining  the 
numbtr  of  heat  units  furnished  by  a  given  quantity  of  coal,  the 
quantity  of  water  lifted  by  the  pump,  the  leakage  past  the  piston 
packing,  the  pressure-heads  iii  the  suction  and  discharge  pipes, 
the  indicated  horse-power  of  the  steam  cylinders,  and  many  other 
minor  quantities  nei-ded  fur  estimating  the  efficiency  of  the  boiler 
and  steam  part  of  the  apparatus.  The  usual  method  of  deter- 
mming  the  discharge  is  by  the  displacement  of  the  piston  or 
plunger;  if  A  be  the  area  of  its  cross-section,  /  the  length  of  the 
stroke,  N  the  number  of  single  strokes  during  the  test,  and  T 
the  number  of  seconds  during  which  the  test  lasted,  then  XAl  is 
the  total  quantity  of  water  lifted,  and 

q  =  cNAt/T 

is  the  quantity  lifted  per  second,  c  being  a  coefficient  which  takes 
accoimt  of  the  leakage  or  slip  past  the  plunger.  The  value  of  c 
li  to  be  found  by  removing  one  of  the  cylinder  heads  and  admit- 
ting  water  on  the  other  side  of  the  plunger,  and  its  value  is  usually 
from  0.99  to  0.95  in  new  pumps,  The  total  pressure-head  //  is 
found  from  B  =  HH±h,  +  d) 

where  hi  and  Aj  are  the  pressure-heads  corresponding  to  the  mean 
readings  of  the  gages  on  the  auction  and  discharge  pipes  and  d 
the  vertical  distance  between  the  centers  of  the  gages;  here  the 
plus  sign  is  to  be  used  when  the  corresiwnding  pressure  is  below 
and  the  minus  sign  when  it  is  above  that  of  the  aUnosphere. 
The  total  work  done  by  the  pump  during  the  trial  is  then  cXAl  ■  H 
and  then  the  duty  of  the  pumping  engine 

Duty  =»  I  000  000  cNA  /£f /heat  units,  > 
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in  which  the  denfHiiiiutor  is  detennined  by  the  thennodywDlc 
tests  made  cm  the  boiler  and  steam  engine.  The  cqtadty  d  Oe 
pump,  or  the  quantity  of  water  lifted  in  34  hours,  18  34  X  j6aoXf 

Tbe  efficiency  of  pump  cylinders,  which  are  tested  in  the  aluve 
manner,  is  usually  found  by  dividing  the  work  wqH  done  by  them 
in  one  second  by  that  done  by  the  steam  as  determined  by 
indicator  cards  taken  from  the  steam  cylinders.  This  method 
differs  from  that  used  in  the  [vevious  articles,  and  gives  icnb 
too  small  from  the  standpoint  erf  hydraulic  losses.  A  discaawn 
by  Webber  *  of  several  tests  shows  that  this  effidency  iaatua 
with  the  lift  as  follows  r 

Uft  in  feet,    5        15       jo      100     170     170 
Effidenty,    0.J0    0.45    OlAs    0.S5    OlQI    o^ 

The  highest  value  of  91  percent  was  obtained  from  a  test  of  > 
Leavitt  pumping  eng^e  having  a  duty  of  in  549000  foot* 
pounds,  and  a  capacity  of  4400000  gallons  per  34  hours;  the 
duration  of  this  test  was  15.1  hours. 

Prob.  196.  In  a  test  lasting  13  boun,  97503000  best  umUwcKjco- 
duced  under  the  boiler.  The  area  of  the  plunger  wis  173  square  indxi,  the 
length  of  tbe  stroke  was  18.9  inches,  the  number  of  single  strokes  was  76000, 
and  the  leakage  past  the  plunger  packing  was  sgoo  cubic  feet.  The  pnssure 
gage  on  the  force  pipe  read  100  and  the  vacuum  gage  on  the  suction  ppe 
read  9.3  pounds  per  square  inch,  the  dislance  between  the  centers  d  ihrae 
gages  being  8  feet.  The  mean  indicated  hone-power  of  the  steam  qdioden 
was  118.  Compute  the  discharge  of  the  pump  in  cubic  feet  per  second  ud 
its  capacity  in  gallons  per  day.  Compute  tbe  total  pressure-head  B.  Com- 
pute the  duty  of  the  pumping  engine.  Compute  the  effidency  of  tbe  poiop 
cylinders. 

Art.  197.    The  CENTsmjaAL  Pump 

The  centrifugal  pump  is  the  reverse  of  a  turbine  whed,  and 
nny  reaction  turbine,  when  run  backwards  by  power  ap;>lie(l  to 
its  axle,  will  raise  water  through  its  penstock.  The  centiifugsl 
pump,  like  the  turbine,  is  of  modern  origin  and  development 
A  rude  form,  devised  by  Ledemour  in  1730,  consisted  of  in 
inclined  tube  attached  by  arms  to  a  vertical  shaft ;   the  knrer 

*  Transactions  Ameiican  Society  Mechonicsl  En^neers,  iS8^  voL  7,  p.  tot. 
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of  the  tube  being  immcrsfd,  the  water  flowed  from  its  upper 
m<\  when  tlic  sli;i(l  wa8  rnlated.  It  was  not,  however,  until 
about  1840  that  the  lirst  true  ccutrifugal  pumiw  came  into  use, 
and  they  have  since  been  perfected  so  as  to  be  of  great  value  in 
engineering  ojicrations,  especially  for  low  lift*. 

Fig.  197  shows  the  principle  of  the  arrangement  and  action  of 
the  centrifugal  pump.  The  power  is  applied  through  the 
axis  A  to  rotate 
the  wheel  BB  in  k 

the  direction  in- 
dicated by  the  ar- 
row. This  wheel 
is  formed  of  a 
number  of  curved 
vunes  like  those 
in  a  turbine  wheel 
(Art.  171).  The 
revolving  vanes 
produce  a  partial 
vacuum,  and  this  causes  the  water  to  rise  in  the  suction  pipt-  ED 
which  enters  through  the  center  of  the  wheel  case  and  delivers 
the  water  at  the  axis  of  the  wheel.  The  water  is  then  forced 
outward  through  the  vanes  and  passes  into  the  volute  cham- 
ber CC,  which  b  of  varying  cross-section  in  order  to  accom- 
modate the  increasing  tjuantity  of  water  that  is  delivered 
into  it,  and  all  of  which  passes  up  the  discharge  pipe  E.  The 
rotation  of  the  wheel  hence  produces  a  negative  pressure  at  the 
uppf??  end  of  tile  suction  pipe  and  a  positive  pressure  in  the 
volute  chamber,  and  the  water  rises  in  the  pipes  in  the  same 
manner  as  in  those  of  a  suction  and  force  pump.  The  height  of 
the  suction  lift  cannot  usually  exceed  about  sS  feet. 

The  parallelograms  of  velocity  shown  in  Fig.  197  arc  the 
same-  as  in  the  reaction  turbine  (■'\rt.  174),  and  a  similar  notation 
will  be  used.  The  velocities  of  rotation  of  the  inner  and  outer 
circumferences  will  be  railed  u  and  «i,  the  absolute  velocJtii-s  of 
the  water  as  it  enters  and  leaves  the  wheel  are  to  and  Vi,  and  the 


Pl«.  107. 


622  Ch^.  16.     Pumps  and  Punqnng 

corresponding  relative  vdoctties  are  V  and  Vi.  The  bd^  tf 
entrance,  approach,  and  exit  are  called  ^, «,  and  fi,  while  B  d^i^ 
the  angle  between  i>i  and  «i.  Let  ffo  be  the  pressure-head  at^ 
top  of  the  entrance  pipe  and  Hi  that  at  the  foot  of  the  dtsdutp 
pipe,  while  Ao  and  hi  are  the  heights  of  the  suction  and  fonxlifit 
estimated  downward  and  upward  from  the  center  of  the  idid, 
and  let  A.  be  the  hdght  of  the  water  barometer.  Then  bm 
formula(I62)    p_„._  k,.  +  „,«-.  .g(fl,-ff^ 

and  also  from  (31)t,  not  considering  frictional  resistances, 

Combining  these  equations,  and  replacing  4i'  +  *o  by  h,  iriiete 
h  is  the  total  lift,  the  fundamental  equation  for  the  discusaon  of 
frjftionless  centrifugal  pumps  results.  To  introduce  the  fric- 
tional losses,  however,  h-\-  h'  should  be  used  instead  of  k,  wbeie 
A*  is  the  total  bead  lost  in  all  the  hydraulic  resistances.    Tliai 

is  the  fundamental  formula  for  the  discusaon  of  the  centrifugal 
pump.  Since  there  are  no  guides,  the  water  enters  the  vanes 
radially,  s«.>  that  the  approach  angle  a  is  a  right  angle,  and  hence 
V'  =  ir +  i'n*.  Also  the  parallelogram  of  velocities  at  exit  gives 
r,-  ^  Hi"  +  I'l*  -  awiPiCos^.  Inserting  these  values  of  Vt  and 
r,-  in  (197H,    it  reduces  to 

«i»i  cosfl  =  g(*  +  A') 

whiih  is  a  necessary  relation  connecting  Mi  and  i>i. 

.■\  centrifugal  pump  must  be  run  at  a  certain  velocity  in  order 
In  tniTtomc  the  pressure-head  A  +  A'  by  means  of  the  velodty- 
lu-ad  rr  2^  of  the  issuing  water.  Hence  A  +  A'  =  v^/ig,  and 
itiuating  this  to  the  value  of  A  +  A'  established  by  the  above 
formula,  there  results  «i  cos  ^  =  id.  It  hence  follows  from  the 
[xiralk-iogram  of  velocities  that  Vi  and  «i  must  be  eqxial.  Then 
tJ  =  QO°  -  \&.  and 

«i  =  ^^     or    „,.V^tA:)  fi^ 
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gives  the  required  velocity  of  the  outer  .circumfcnrnci."  of  the  whw!. 
This  velocity  decreases  as  the  exit  angle  $  inrreases;  when  &  is 
very  small,  »■  is  ver>'  large ;  whirii  the  vuiics  are  radial  at  the  outer 
circumference,  j8  is  90''  and  U\  =  vgih  +  h').  Hence  the  speed 
of  the  pump  must  increase  with  the  square  root  of  the  pressure- 
head  A  +  A'.  Since  v\  =  q'it\,  where  di  is  the  area  of  the  exit 
orifices  normal  to  vi,  the  velocity  is  also  u\  =  ?/2a,  sin  \8,  and 
therefore  the  discharge  q  increases  directly  with  the  speed. 

Since  the  speed  must  increase  with  the  lift,  and  since  the  losses 
of  head  incrc^isc  with  the  speed,  it  follows  that  the  efficiency  of 
thf  centrifugal  pump  in  general  decreases  with  the  lift.  This 
theoretic  conclusion  has  been  verified  by  practical  tests,  Webber, 
in  his  discussion  cifcd  in  the  last  article,  gives  the  foIJowing  as 
the  mean  results  derived  from  a  number  uf  experimcnls,  the 
efficiency  computed  being  the  ratio  of  the  work  done  by  the  pump 
to  that  obtained  from  indicator  cards  taken  on  the  cylinders  5f 
the  steam  motor : 
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For  a  tow  lift  the  centrifugal  pump  has  a  hydraulic  efficiency 
higher  than  these  figures  indicate,  but,  as  in  the  case  of  the  force 
ptUDp,  i(  is  dilficull  to  determine  reliable  values  by  numerical 
compulations. 

The  oentrifiiga!  pump  [Mjssesses  an  advantage  over  the  force  iKunp 
in  having  no  \"alvcs  and  in  being  able  to  handle  muddy  water,  for  even 
gravel  may  |Miks  through  the  vunt-s  without,  injuring  thcni.  Tlie 
above  figure  represents  the  principle  rather  than  the  actual  details 
[ff  conNtruclicin.  Usu:dly  (he  suction  pi(>e  is  di\'i(lc<l  into  two  parts 
which  cuter  the  axis  u{>on  opi>ositc  sidt^  of  the  wheel,  and  the  volute 
dumber  is.  often  made  wider  than  the  wheel  case,  thus  forming  what 
is  called  a  whirljKKil  chamber,  which  prevents  some  of  the  losses  of 
bead  due  to  impact.  The  vanes  arc  sometimes  curved  in  the  oppo- 
nte  direction  to  that  shown  in  the  figure,  as  by  so  rioing  the  angle  j8 
b  mode  larger  and  the  speed  of  the  pump  is  lessened,  as  is  seen  from 
formula  (I97)t.  The  theory  of  ihe  centrifugal  pump  i.t,  however, 
much  less  definite  than  that  of  the  reaction  turbine,  and  experiment^ 
the  best  guide  to  determine  the  advantageous  shape  of  the  vanes. 
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Multqile  stage  centrifugal  ptimpp  for  waA  agdut  hi^  ink 

are  ezteoai^y  used.*f 

Prob.  197.  A  centrifugal  pump  lifti  lao  cuUc  feet  of  mtcrperaarie 
through  a  diadiaige  pipe  having  a  diameter  of  i  foot  Tlie  outer  dkodir 
of  the  wheel  is  3  feet,  the  exit  angle  iago°,  the  mnnbertrf  revolotioaipsn- 
ond  is  6o,  and  the  water  ia  lifted  i8  feet  Compute  the  hontrfomatlit 
pump,  and  its  hydraulic  efficiency, 

AsT.  198.    TSE  Htosauuc  Ram 

The  hydraulic  ram  is  as  apparatus  which  emptoys  the  dj^uxdc 
pressure  produced  by  stof^ing  a  column  of  moving  water  tani» 
a  part  of  this  water  to  a  higher  level  than  that  of  its  source.  Tbe 
principle  of  its  action  was  recognized  by  Whitehurst  in  1771,! 
but  the  credit  of  perfecting  the  machine  is  due  to  Mcmtgctter, 
who  in  1796  built  the  first  self-acting  ram.  It  has  since  beis 
widely  used  for  pumping  small  quantities  of  water  from  stRuu 
to  houses,  but  is  not  so  well  adapted  to  lifting  a  large  quantity; 
many  attempts  have  been  made  in  this  direction,  some  of  iriddi 
give  promise  of  much  usefulness. 

The  principle  of  the  action  of  the  hydraulic  ram  is  shown  in 
Fig.  198,  where  A  is  the  reservoir  that  furnishes  the  supply,  BCD 


Hg.  198. 


the  ram,  AB  the  drive  pipe  which  carries  the  water  to  the  tam, 
DE  the  discharge  pipe  through  which  a  part  of  the  watts  is 
raised'to  the  tank  E.  The  ram  itself  consists  merely  of  the  waste 
valve  B  through  which  a  part  of  the  water  from  the  drive  i»pe 

*  Journal  American  Society  of  Mechanical  Eogineers,  Jan.  snd  Msidi,  191a. 
t  Journal  Western  Sodety  of  Eogineers,  April,  igio. 
t  Transactions  RoyaJ  Sodety,  177s,  vol.  6s,  p.  377. 
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and  the  air  vessel  D  which  has  .i  valve  C  that  allows 
to  enter  it  through  BC,  but  prevents  its  return.  The  waste 
valve  B  is  either  weighted  or  arranged  with  a  spring  so  that  it 
will  open  when  acted  upon  by  the  static  pressure  due  to  the  head 
B.  i\s  soon  as  it  opens  the  water  flows  through  it,  but  as  the 
velocity  increases  the  dynamic  pressure  due  to  the  motion  of 
the  column  AB  (Art.  157)  becomes  sufTicicntly  great  to  close  the 
valve  B.  Then  this  dynamic  pressure  opens  the  valvf  C  and 
compresses  the  air  in  the  air  chamber  or  forces  water  up  the  dis- 
charge pipe.  A  moment  later  when  equilibrium  has  obtained  in 
the  air  vessel,  the  valve  C  closes  and  the  air  pressure  maintains 
the  flow  for  a  short  period  in  tlie  discharge  pipe,  while  the  water 
in  the  drive  pipe  comes  to  rest.  Then  the  waste  valve  B  opens 
again,  and  the  same  operations  are  repeated. 

The  algebraic  discus.s.ion  of  the  hydraulic  ram  is  very  dif!tcult 
because  it  invoivrs  the  time  in  which  the  waste  valve  closes  and 
the  law  of  its  rate  of  clo^ng.  The  investigation  in  Art.  157, 
however,  clearly  sliows  that  the  operations  above  described  will 
take  place  if  the  drive  pipe  Ls  long  enough  to  pro<iuce  a  dynamic 
pressure  sufficient  to  dose  the  waste  valve.  L«t  /  be  the  lengtli 
of  that  pipe,  V  the  velodty  in  it,  Po  the  static  unit  prcs.iurc  due 
to  n,  w  the  weight  of  a  cubit  unit  of  water,  j?  the  acceleration 
of  gravity,  and  (  the  time  in  which  the  valve  closes.  Then,  since 
there  is  no  static  pressure  at  the  valve  during  the  flow,  the  for- 
mula  (157).  gives  p=2wh/gt-Po 

which  is  a  good  approximation  to  the  excess  of  dj-namic  pressure 
over  the  static  pressure  ^i..  It  is  scon  that  this  excess  f>  may  be 
rendered  vcr>'  great  by  making  /  large  and  (  small,  and  that  Its 
greatest  value  is  p^  ^^^^  _  p^ 

in  which  u  is  the  velocity  of  sound  in  water.  It  is  rare,  howe\'cr, 
that  a  drive  pipe  is  sufficiently  long  to  furnish  the  excess  dj-namic 
pressure  given  by  the  last  formula. 

The  efliciency  of  the  hydraulic  ram  is  the  ratio  of  the  useful 
work  done  to  the  energy  expended  in  the  waste  water.  Let  g 
be  the  quantity  of  water  lifted  per  second  through  the  hdght  h 
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^rom  the  level  of  the  reservoir  A  to  thai  of  the  tank  E.    Id^ 
be  the  discharge  per  second  through  the  waste  valve  and  B6* 
bdgbt  through  which  it  falls,  then  the  efBcteDcy  of  tJie  ramuid 
its  pipes  is  ^mih  _gh 

'  "  wQH     QH 

|]t  is  found  by  experiment  that  the  cfTiriency  decreases  as  thenfit 

fk/n  increases.     Eylclwcin  found  that  e  was  0.92  when  A/ff  ms 

unity,  0.67  when  h/lJ  was  5,  and  o.aj  when  h/H  was  20,  but  these 

values  were  probably  derived  by  using  a  ditTcrvnt  fonnuU  lor 

the  efficiency. 

Experiments  in  1890  at  Lehigh  University  on  a  Gould  ram  No.  J, 
in  which  the  wa.itc  valve  made  55  strokes  per  minute,  gave  a  man 
efficiency  of  35  piTCcrl.  Thr  li-nRlh  of  the  supi^y  pipe  was  j8(«1 
and  its  fall  1 2  feet,  the  length  of  the  discharge  pipe  60  feet,  and  the  lift 
A  was  12  feet,  so  that  the  ratio  h/U  w;u  unity.  These  cxpcrinxnis 
showed  also  that  the  efficiency  increased  as  the  number  of  strolfs 
per  minute  wa.*  decreased  by  les.seniiig  thtr  weighl  on  the  n-aste  v»li«. 
The  maximum  quantity  of  water  raised  per  minute,  howcvef,  oc- 
curred with  a  heavier  waste  valve  than  tlial  which  gave  the  muKimum 
efficiency.  The  efficiency  was  also  found  to  increase  as  the  tcngthof 
the  strolce  of  the  waste  valve  decreased. 

The  least  possible  fall  in  the  dri\-cpipe  of  the  hydraulic  ram  is  about 
i\  feet  and  the  lea.st  length  of  drive  pi|)e  about  isfeeU  It  is  cusiamary 
to  make  the  area  of  the  discharge  pipe  from  one-third  to  onc-fotutb 
(hat  of  the  drive  pipe,  and  with  these  proportion;*  a  fall  of  lo  feel  will 
force  water  to  a  height  of  nearly  150  tvct.  A  common  rule  of  masu- 
facturers  is  that  about  one-seventh  of  the  water  flowing  down  the  drive 
pipe  may  be  raise<l  to  a  height  five  timt*  that  of  the  fall  in  the  drive 
pipe;  this  is  a  rough  rule  only,  for  the  lenRth  of  the  discharf^  [upe 
is  one  of  the  controlling  factors  as  well  as  its  vertical  rise.  ' 

The  Rife  hydraulic  engine  is  a  water  ram  on  a  larxe  M:ale,  two  or 
more  being  connecti-d  to  the  same  discharge  pipe,  so  that  the  flow  lo 
it  is  nearly  conrinuous.*  Three  of  thtsc  engines  are  said  to  raise 
864000  jtailonsof  water  per  (lay  loan  elevation  j^f  150  fei-t,  the  fall  in 
the  drive  pipe  being  10  feet.  The  diameter  of  the  drive  pipe  is  8  incha 
and  that  of  the  discharge  pipe  is  4  inches;  the  waste  valve  weighs 
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50  pnunds,  ami  it  is  provided  with  iin  adjusting  Icvrr  in  order  that 
its  I'ffdtivi-  wi-fight  may  be  regulated  so  as  to  cause  the  maximiun 
dLscharfte  to  be  delivered. 

I'rob.  108.  A  hydraulic  mm  raises  ji)  pounds  of  water  in  5  minutes 
through  a  dischargt^  pipe  60  ftti  long.  The  drive  pi|>c  i*  fS  teet  long  and  the 
amuuiit  of  w.-»liT  Wiusicd  in  3  minutes  is  41I  pounds,  The  fall  of  the  drive 
pipe  is  17  feet  and  the  wrlical  tisl-  u(  ihc  dLichiirge  pipe  above  the  ram  in 
34  feet.     Compute  the  efhcicncy  of  the  ram. 


Art.  199.    Other  Kinds  of  Pumps 

The  lift  and  force  pumps  described  in  Arts,  193  and  194  are 
called  displacement  pumps,  because  the  volume  of  water  lifted 
in  one  stroke  is  that  disphuxd  by  the  piston  or  plunger.  If  there 
be  no  leakage  past  the  piston  packing,  and  if  no  air  is  mingled 
with  the  water,  the  discharge  in  a  given  time  may  be  very  accu- 
rately determined  by  counting  the  number  nf  strokes  and  multi- 
plying this  number  by  the  displacement  in  one  stroke.  Oh 
account  of  the  reciprocating  mniton  of  the  piston  these  forma 
are  oflcn  called  reciprocating  pumps.  There  is  always  a  loss  of 
energy  due  to  putting  the  piston  into  motion  at  the  lieginning  of 
each  stroke,  and  lo  avoid  this  many  forms  of  rot;iry  pumps  have 
been  devised;  yet  notwithstanding  this  loss  the  plunger  force 
pump  is  probably  the  mosl  efficient  and  economical  of  all  kinds. 

A  rotary  or  impeller  pump  is  one  in  which  the  moving  parts 
have  a  circular  motion  only,  and  the  centrifugal  pump  described 
in  Art- 197  is  of  this  kind.  Numerous  other  rotary  i)uraps  have 
been  invented,  but  none  is  widely  used  except  the  centrifugal  one. 
Fig.  199a  shows  one  where  the  mo\ing  parts  consist  of  two  wheels 
which  are  rotates!  in  opposite  directions  as  indicated  by  the 
arrows;  this  motion  produces  a  partial  vacuum  whereby  the 
water  rises  in  the  suction  pipe  D,  and  is  then  carried  between  thei 
teeth  and  the  case  and  forced  up  the  discharge  pipe  B.  Fig,  199J ' 
shows  a  form  where  the  moving  parts  are  two  lobes  in  contact 
with  each  other  and  each  in  contact  with  the  inclosing  case.  In 
the  left-hand  diagram  the  water  rising  in  the  pipe  O  is  flowing 
toward  the  right,  but  a  moment  later  the  tobc  B  has  iissumed 
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from  the  level  of  the  reservoir  A  to  that  of  I 
be  the  discharge  per  second  through  the  was 
hdght  through  which  it  falls,  then  the  efficic 
its  pipes  is  ^wqk  ^gh 

*  °  wQS  "  QB 

It  is  found  by  experiment  that  the  efficiency 
k/H  increases.    Eytelwein  found  that  e  wa: 
unity,  0.67  when  h/B  was  5,  and  0.23  when 
values  were  probably  derived  by  using  ;' 
the  efficiency. 

Experiments  in  1890  at  Lehigh  UnivCTsi. 
in  which  the  waste  valve  made  55  strokes 
efficiency  of  35  percent.     The  length  of  t) 
and  its  fall  12  feet,  the  length  of  the  dischai 
k  was  1 3  (eet,  so  that  the  ratio  h/B  was 
showed  also  that  the  efficiency  increaaeil 
per  minute  was  decreased  by  lessening  th 
The  maximum  quantity  of  water  raisi'  ^^ 

curred  with  a  heavier  waste  valve  than  V 
efficiency.    The  effidency  was  also  four        'vp 
the  stroke  of  the  waste  valve  decreasei        >iL'ii 

The  least  possible  fall  in  the  drive  p  ■  '• 

i\  feet  and  the  least  length  of  drive  pi[v 
to  make  the  area  of  the  discharge  pi 
that  of  the  drive  pipe,  and  with  thesi 
force  water  to  a  height  of  nearly  151 
facturers  is  that  about  one-seventh  o 
pipe  may  be  raised  to  a  height  five 
pipe;  this  is  a  rough  rule  only,  to 
is  one  of  the  controlling  factors  as  ' 

The  Rife  hydraulic  engine  is  ;' 
more  being  connected  to  the  sam^ 
it  is  nearly  continuous.*     Three 
864  000  gallons  of  water  per  day  * 

the  drive  pipe  being  ,^o  feet-    Thi 
and  that  of  the  discharge  pipe  '. 
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Pumps  which  have  no  moving  parts  and  which  opcrale  through 
action  of  air  suction  and  dytiiiniic  pressure  constitute  another 
class  wljich  will  now  be  briefly  comadcred.  Here  belong  the 
jcl  or  ejector  pumps  which  act  largelj'  through  suction,  and  the 
injector  pump  used  on  locomotives.  The  latter  produces  a 
vacuum  through  the  flow  of  steam,  and  cannot  be  dlicusacd  here, 
.as  it  involves  principles  of  thermodynamics.  The  fundamental 
principle,  however,  is  Indicated  in  Fig.  199c,  which  shows  the  jet 
apparatus  invented  by  James  Thomson  in  1850.*  Tlie  water  to 
be  lifted  is  at  C,  and  it  rises  by 
suction  to  the  chamber  B.  from 
which  it  pa.<«cs  through  the  dis- 
charge pipe  lo  the  lank  D.  The 
forces  of  suction  and  pressure  are 
produced  by  a  jet  of  water  issuing 
from  a  nozzle  at  the  mouth  of  the 
discharge  piix-,  the  nozzle  being  at 
the  end  of  a  pipe  AB  through 
which  water  is  brought  from  a.  reservoir ;  or  the  water  delivered 
from  the  nozzle  may  come  from  a  hydrant  or  from  a  force  pump. 
I<et  H  be  the  eHeclive  head  of  the  jet  us  it  issui's  from  the 
□ozzle,  fii  the  suction  lift,  and  Ih  the  lift  above  the  tip  of  the 
aozzle;  let  q  be  the  discharge  through  the  nozele  and  ^i  that 
^krough  the  suction  pipe.     Then,  neglecting  frictional  resistances, 

■  e  =  {qki  +  qih  +  q,h,)/qH 

Wtis  found  by  experiments  that  the  efficiency  of  this  jet  pump 
is  very  low,  usually  not  exceeding  20  percent,  the  highest  effi- 
ciencies being  for  low  ratios  of  ll^  +  fh  to  U.  This  form  of  pump 
has,  however,  been  found  very  convenient  in  keei>ing  coffer  dams 
and  sewer  trenches  free  from  water,  as  it  requires  little  or  no  atten- 
tion and  has  no  moving  parts  to  get  out  of  order. 

Another  class  o(  pumjis  use*  the  pressure  of  air  or  of  steam  in 
order  to  elevate  water.  The  idea  of  ihcsc  pum|js  is  old.  yet  it  was  not 
^nntil  1875  that  the  steam  pubometer  was  perfected  by  Hoill,  while 
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the  air-tift  pump  of  Frizell  dates  from  1880.    The  air-lift  pump  b  no* 
cstcnsivcly  used  for  raising  water  from  deep  wcils,  the  compressed  air 
being  forced  down  a  vertical  i>ipe  in  the  well  tube  Jind  Ls.4uinj;  /rom  it*, 
lower  end.    As  it  issues,  bubbles  are  formed  in  the  entire  ooluma  otj 
water  in  the  well  tube,  an<l  beinfi  lighter  than  a  column  of  oommoi 
water,  it  rises  to  a  greater  height  under  the  atmospheric  presnure, 
assisted  by  the  upward  impulse  of  the  bubbles  to  a  slight  extent. 
In  this  manner  water  having  3  natural  level  50  feet  or  more  I>elo«r 
the  surface  of  the  ground  may  be  caused  to  rise  above  that  surface. 
It  has  been  found  in  practice  that  for  lifts  of   15   to  $0  feet  from 
J  to  3  cubic  feet  of  air  arc  necessary  for  each  cubic  foot  of  »-ater 
that  i»  elevated.    The  eHidency  of  this  fonn  of  pump  is  low,  rarely 
reaching  30  percent,  although  a  maximum  of   50  percent  has  bcea  _ 
claimed.*  I 

Among  the  many  (ofms  oJ  pwrnpa  operating  omtcr  the-  picaiK 
of  compressed  air  only  the  ejector  pump  used  in  the  Shone  system  ■ 
of  sewerage  can  here  be  mentioned.  The  sewage  from  a  number  of  ^ 
houses  Hows  to  a  dosed  basin,  called  an  injector,  in  which  it  continue 
to  accumulate  until  a  valve  is  opened  by  a  float.  The  opening  of  tks 
valve  allows  compressed  air  to  enter,  and  this  drives  out  the  sewa^ 
through  a  discharge  pipe  to  the  place  where  it  is  desired  to  deliver  it. 
In  the  installation  of  this  system  of  sewerage  at  the  World's  Fsir 
of  1893  in  Chicago,  there  were  26  ejectors  which  lifted  the  scwa^ 
67  feet,  the  total  pressure-head  being  alx)ut  108  feel.  Vjicuum  methmls 
of  moving  sewage  have  also  been  used  in  Europe,  but  these  cannot 
cwmpele  in  efficiency  with  those  using  compressed  air. 

Prab.  199.  For  Pig.  190<:  let  the  diameter  of  the  noule  be  1  Inch  and 
that  of  the  discharge  pipe  4  inches.  Let  U  be  64  feet,  h,  be  iS  feet,  h,  be 
$  feet,  and  the  discharge  from  the  nozzle  be  o.is  cubic  feet  per  second. 
Compute  the  greatest  quantity  i>[  water  that  can  be  lifted  per  lecoad  through 
the  suction  pipe,  and  the  efficiency'  of  ibc  apparatus  when  doing  this  imk. 


Art.  200.    Puupi.s'C  through  Pipes 

When  water  is  pumped  through  a  pipe  from  a  lower  to  a  higher 
level,  the  power  of  the  pump  must  be  sufficient  not  only  to  raise 
the  required  amount  in  a  given  time,  but  also  to  overcome  the 
various  resistances  to  £ow.    The  head  due  to  the  resistances  is 

*  Joiinul  of  .Anociation  of  Ecgineetiog  SodcUts,  1900,  toL  ij,  p.  17^ 
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thus  a  direct  source  of  loss,  and  it  Ls  desirable  that  the  pipe 
should  be  so  arranged  as  to  render  this  as  small  as  possible. 
The  length  of  the  pipe  is  usually  much  greater  tlian  the  vertical 
lift,  so  that  the  losses  of  head  in  friction  are  materially  higher 
than  those  indicated  by  the  discussion  of  Art,  195,  where  vertical 
discharge  pipes  were  alone  considered. 

Let  XL-  be  the  weight  of  a  cubic  foot  of  water  and  ^  the  quantity 
raised  per  second  through  the  height  A,  which,  for  example,  may 
be  the  difference  in  level  be- 
tween a  canal  C  and  a  reser- 
voir R,  as  in  Fig.  200(i.  The 
useful  work  done  by  the 
pump  in  each  second  is  u>qh. 
Let  A'  be  the  head  lost  in 
entering  the  pipe  at  the 
canal,  k"  that  lost  in  friction,  in  the  pipe,  and  A'"  all  other  losses 
of  head,  such  as  those  caused  by  curves,  valves,  and  by  re- 
sistances in  passing  through  the  pump  cylinders.  Then  the 
total  work  performed  by  the  pump  per  second  is 

k  =  wqh  +  wq{h'  +  h"  +  h"')  (200), 

Inserting  the  values  of  the  lost  heads  from  Arts.  89-92,  this 
expression  takes  the  form 

lt  =  'wqk  +  wq(m-¥f2  +  m^—  (200)» 

in  which  V  is  the  velocity  in  the  pipe,  I  its  length,  and  d  its  diameter. 
In  order,  therefore,  that  the  losses  of  work  may  be  as  small  as 
pos^blc,  the  velocity  of  flow  through  the  pipe  should  be  low ; 
and  this  is  to  be  effected  by  making  the  diameter  of  the  pipe 
large.  The  size  of  the  pipe  is  here  regarded  as  uniform  from  the 
canal  to  the  rc5cr\'oir;  in  practice  the  suction  pipe  is  usually 
larger  in  diameter  than  the  discharge  pipe,  in  order  that  the  suc- 
tion valves  may  receive  an  ample  supply  of  water. 

For  example,  let  it  be  required  to  determine  the  horse-power 
.of  a  pump  to  raise  i  aoo  ooo  gallona  per  day  through 
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:  ^  -.ixx.  -riles  cis  ifiametcr  of  the  pipe  i$  6  inches  and  its  lengdi 
■Mc  '.se%.     Hk  dodiai^  per  second  is 

IX»000  o,         L-     (■      . 

i=" =  1.86  cubic  feet, 

■     7^1X24X3600 

^tx  -.ze   ■wocit}'  in  the  pipe  is 

7  =» ^ ;  =  947  feet  per  second. 

"^tt   .troabie  'aejii  tost  in  entering  the  pipe  is,  by  Art.  89, 

i  =  2-5  —  =  0.5  X  1.39  =  0.7  feet. 

\^t  ic  ,'ipe  LS  new  and  clean,  the  friction  factor  /  is  about 
.-  ci'j',  ,ta  :s»jwrt  by  Table  90<i ;   then  the  loss  of  head  in  friction 
i  -Me  ;'t(X  iss  by  .\rt.  90. 

I    -  J.5JOX  ^^^X  1.39  =  77.8  feet. 
0.5 

■  Tt  ,  iiwr  -OSS**  ot  head  depend  upon  the  details  of  the  pump 
.-.iiitict    iihi  '.he  val\Ts;   if  these  be  such  that  mt=4,  then 
•>  "  =  4  X  1.39  =  5.6  feet. 
..::    .:<s.>  .'i  hcid  hencc  are 

i- 4"  + A'"  =  84.1  feet. 
-■.    .V  .V     ■   V   xrvrmt-d  per  second  by  the  pump  now  is 
•;  ,  \ -.  Jc;^io  +  S4.i)  =  36  510  foot-pounds, 

V  X  Nt-.vrttT  :i.>  be  expended  is  36  510 '550  =  66.4.    It 
,  ,    ..-,     >■    ^-NrN.-?.  ■:!  iriciion  and  other  resistances,  the  work 

V       ■  .^     *v  ■,...:    X-  simply 

.  \     So  \  ^30  =  26  740   foot-pounds, 

tNi-vv  i-ij;  horst'-^Kiwcr  would  be  j6  740 '350  =  48.6. 
-     -   -^.-.■vwi.-r  !>  «-astcil  in  injurious    resistances,  or 

V  ,   y .         V  .■i.iv.:  is  only  73  percent. 

^   ^.    ■,    ■:'... I  "c:  the  6-inch  pipe  be  replaced  by  one  14 

.:.  ts v       fN-n.  prlKetding  as  before,  the  velocity  of 

* ..    V    — *.   ^    V.  ■■  ".*  i«t  per  second,  the  head  lost  at  entrance 
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0.03  feet,  the  head  lost  in  friction  i.ij  feet,  and  that  lost  in  other 
ways  0.19  feet.  The  total  losses  of  head  arc  thus  only  1.35  feet, 
as  against  84.1  feet  for  the  smaller  pipe,  and  the  horse-power 
required  is  48.9,  which  is  but  little  greater  than  the  theoretic 
power.  The  great  advantage  of  the  larger  pipe  is  thus  apparent, 
and  by  increusing  its  size  to  18  inches  ihc  losses  of  head  may  be 
reduced  so  low  as  to  be  scarcely  appreciable  in  comparison  with 
the  useful  head  of  230  feet. 

A  pump  is  often  uacd  to  force  water  directly  through  the  mains 
of  a.  water-supply  system  under  a  designated  pressure,  'the  work 
of  the  pump  in  this  case  consists  of  that  required  to  maintain  the  pres- 
sure and  thai  required  lo  overcome  the  frictional  resi.*t«nces.  Let 
A)  be  the  pressure-head  to  be  maintained  at  the  end  of  the  main, 
and  s  the  heit^hl  o(  the  main  above  the  level  of  the  river  from  which 
the  wster  is  pumped ;  then  A,-fs  is  the  he^d  //,  which  corresponds  to 
the  uiieful  work  of  the  puiii|>,  and,  aa  before. 

To  reduce  the  injurious  huads  to  the  smali<»t  limits  the  mains  should 
(if  large  in  order  that  the  velocity  of  flow  may  be  small.  In  Fig. 
'moil  is  shown  a.  symbolic  representation  ol  the  case  of  |>umptiig  into 
a  main,  F  being  the  pump,  C  the 
source  of  supply,  iiml  DM  iht  pres- 
sure-head which  is  maintained  upon 
the  end  of  the  pipe  during  the 
flow.  At  ihe  pump  the  pressure- 
head  is  AP,  -SO  that  AD  rcprcscntii 
the  hydraulic  gradient  for  the  pipe 
from  P  to  .If.  The  total  work  of 
the  pump  may  then  be  regarded  as 
expended  in  lifting  the  water  from 
C  to  .^ ,  and  this  consists  of  three  part.'*  corresponding  to  the  heads  CM 
or  E,  J/Dor  A,,  and  .4Sor  A'+ A"-)-A"',  the  first  overcoming  the  force  ' 
of  gravity,  the  second  maintaining  the  discharge  under  the  required 
pressure,  while  the  last  is  transformed  into  heat  in  overcoming  fric- 
tion and  other  rcsiitances.  In  this  direct  method  of  water  supply 
a  »tand|)ipe,  AP,  is  often  erected  near  the  pump,  in  which  the  water 
rises  to  a  height  corresponding  to  the  required  pressure,  and  which 
furnishes  a  supply  when  a  temporary  .stoppage  of  the  pumping  engine 
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ocairs.    This  standpipe  also  relieves  the  pump  lo  some  extent  from 
the  shock  of  walcr  haniinvr  (Art.  157). 

Prob.  200.  Cani])ute  the  hone-power  o(  a  pump  for  the  following  data, 
neglecting  ail  rcusuaccs  ex«.pt  those  due  to  pipe  friction:  '!  =  i.S  cubic 
feet  per  second,  whidi  Li  distriltuli-d  unifurmly  uvrr  a  length  /|>^  jooo  feel 
(Art.  104),  the  rcmnining  length  of  the  pipe  being  4JQ0  feet ;  d  =  io  inches, 
ki  m  jj.g  feet,  and  z  ■>-  io.6  (eel. 

Art.  201.     I'uMPiNo  throivT-m  Hose 

In  Art.  109  the  flow  of  water  through  lire  hose  was  briefly 
treated  and  the  friction  fatlons  given  for  different  hinds  of  hose 
linings.     It  was  shown  tliat  the  loss  of  bead  in  a  long  hose  line 
betxjnics  so  greiil,  even  under  moderate  velocities,  as  to  consume 
a  large  proportion  of  the  pressure  exerted  by  the  hydrant  or 
steamer.     A»  another  i-xample.  let  the  pressure  in  the  pump  of 
the  lire  engine  be  tii  pounds  per  .square  inch,  corresponding 
to  a  head  of  2S1  fi-cl.  and  lei  it  be  required  lo  find  the  pressurv- 
head  in  ij-inch  rough  rubber-lined  cotton  hose  at  1000  feet  dis- 
tance, when  a  nozzle  is  used  which  discbarges  153  gallons  per 
minute,  the  hose  being  laid  horizontal.    The  discharge  is  0.341 
cubic  feet  per  second,  which  gives  a  velocity  of  10.0  feet  per  sec- 
ond in  the  hose.    Hence  by  (00)  the  loss  of  liead  in  friction  is 
331  feet,  so  that  the  pressure-head  at  the  nozzle  entrance  is  only 
50  feet,  which  corresponds  lo  about  22  pounds  [wr  square  inch. 
The  remedy  for  this  great  reduction  of  pressure  is  to  employ  a 
smaller  nozjJe.  thus  decreasing  the  discharge  and  ihc  velocity 
in  the  hose;  but  if  both  headnnd  discharge  are  desired,  they  may 
be  obtained  either  by  an  increase  of  prcwurc  at  the  steamer  or 
by  the  use  of  a  larger  hose. 

Another  method  of  securing  both  high  vclodty-head  and 
quantity  of  water  is  by  the  use  of  siamesed  hose  lines,  and  this 
is  generally  used  when  large  fires  occur.  This  method  consists 
in  having  several  lines  of  hose,  generally  four,  lead  from  the 
steamer  lo  a  so-called  siamcsc  connection,  from  which  a  short 
single  line  of  hose  Iead.s  to  the  nozzle.  In  Fig.  201  the  pump 
or  fire  steamer  is  represented  by  A.  the  Siamese  joint  by  B.  the 
nozzle  entrance  by  C,  and  the  nozzle  tip  by  D.    From  A  let  it 
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lint-s  of  hose,  each  having  the  length  /:  and  the  diameter  di,  lead 
to  B ;  and  from  B  let  there  be  a  single  line  of  length  I3  and  diam- 
eter di  leading  to  the  nozzle  which  has  the  diameter  D.  The 
hydraulic  gradient  (Art.  09)  is  shown  by  abcD,  the  pressure-heads 

b 


at  A,  B,  C  being  represented  by  Aa,  Bh,  Cc.  I-ct  k  be  the  pres- 
sure-head on  the  nozzle  lip  or  the  difference  of  the  elevations  of 
the  points  a  and  D.  It  is  required  to  deduce  a  formula  for  the 
velocity  at  the  nozzle  tip  and  to  determine  the  pressure-heads 
at  B  and  C. 

This  case  is  one  of  diversions,  already  treated  in  Art.  105, 
and  the  same  principles  may  be  applied  to  its  solution.  Ncg- 
'etting  losses  in  entrance,  in  curvature,  and  in  the  Siamese  joint, 
the  total  head  k  is  expended  in  friction  in  the  hose  lines  and  in 
\he  nozzle,  or  ,  /,  t-,'   ,   ,  fe  i^»       i  V« 

d\  2g  di  2g        C'  3g 

in  which  Vi  and  Vj  are  the  velocities  in  the  line»  li  and  Ij,  and  V 
is  that  from  the  nozzle,  while  c,  is  the  coefficient  of  velocity  of 
the  nozzle  (.^rt,  83).  The  first  term  of  the  second  member  is 
the  head  lost  between  A  and  B.  and  the  algebraic  expression  for 
this  is  independent  of  the  number  of  hose  lines  between  those 
points;  the  velocity  J'l  in  these  hose  lines  depends,  indeed,  upon 
their  number,  but  the  hydraulic  gradient  ab  is  the  same  for  each 
and  all  of  them.  The  law  of  continuity  of  flow  (Art.  31)  gives, 
however.  ndi\  =  d,%  =  CV 

and,  taking  from  these  the  values  of  Vi  and  Cj  in  terms  of  V  and 
inserting  them  in  the  expression  for  h.  there  results 


V^  = 


n'd,\dj       dt\dj     c,» 


(201) 
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'  from  whicV  tSe  velocity  V  and  the  velocity-head  \^/2g  can  be 
computed,  while  the  discharge  is  given  by  9  =  jTrCK,  Tht 
pressure-head  hi  at  the  nozzle  entrance  and  the  pressure-head  *i 

'  at  the  Siamese  joint  may  then  be  found  from 

and,  as  a  check,  the  latter  should  equal  A  minus  the  drop  of  the 
hydraulic  gradient  between  a  and  b. 

This  discussion  shows  that,  by  increasing  the  number  n.  the 
toss  of  head  between  A  and  B  may  be  made  very  small,  the  cRect 
being  practically  the  same  as  that  of  moving  the  steamer  to  S 
and  using  but  a  single  hose  line  l^-  As  a  numerical  example, 
let  h  =  230.4  feet.  I,  —  500  feet,  /j  =  60  feet,  d\  =  di=  2.5  inches, 
D  =  I  inch,  and  c\  =  0.975.  Then,  taking/ as  0.05,  the  computed 
results  for  different  values  of  n  are  as  follows,  V  being  in  feet  per 
second,  V/2g  in  feet,  and  9  in  gallons  per  minute.    It  is  seen  that 

»-     I             934  Cm 

V—  68.9         9J.a       9g.8        10.3  loj        107 

V^hi~    73-7  t33          iss          i6s  173         180 

}-i6g  Ji6          144          »S'  »S8         "63 

for  four  lines  the  velocity-head  is  more  than  double  that  for  a 
single  line  and  that  the  discharge  is  50  percent  greater.  With 
more  than  four  lines  the  vclodty-head  and  discharge  increase 
slowly,  and  for  n  =  qo  they  are  practically  the  same  as  for  «  =  10. 
The  number  of  hose  lines  generally  used  is  four,  since  the  slight 
advantage  of  more  lines  is  not  sufficient  to  warrant  their  use. 

Many  other  interesting  problems  relating  to  hose  lines  may 
be  solved  by  using  the  same  principles.  If  there  are  four  lines  of 
hose  between  the  pump  and  the  Siamese  joint,  three  having  the 
diameter  dt  and  one  having  the  diameter  d,  it  can  be  shown  that 
the  formula  (201)  applies,  provided  n  be  replaced  by  3  +  (d/di)y 
For  instance,  if  d  be  3  inches  and  di  be  zj  inches,  this  makes  n' 
about  ig.  In  deducing  this  Expression  for  «  it  is  assumed  that 
the  friction  factors  are  the  same  for  both  sizes  of  hose,  although 
in  strictness  the  smaller  hose  has  the  higher  value  of/. 
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Another  aise  is  where  two  of  llie  hose  lines  Iielween  A  and 
B  have  the  diameter  d^  and  the  length  l\,  while  the  two  other  lines, 
arc  of  the  length  /  +  h.  the  length  /  hiiving  the  diameter  d  and 
the  length  /)  the  diameter  rfj.  Here  the  principles  regarding  com- 
jjound  ijijH^s  (Art.  100)  are  also  lo  be  regarded,  and  formula  (201) 
applies  likewise  to  this  case,  if  r  be  computed  from 


n*3  +  2 


mi 


in  which  e  represents /(//d),  while  «i  and  et  represent /i(/i,''rf|)  and 
fsiU/di)  respectively.  For  instance,  if  /i  =  loo,  U  =  too,  and 
/  =  JO  feet,  while  di  =  dt  ='  ij  inches  and  i/  =  3  inches,  then 
the  Miluc  of  11'  is  about  21.  so  that  this  arrangement  is  more  effec- 
tive than  that  of  the  preceding  paragraph. 

In  the  dcflurlion  of  the  aliove  (ormiilas  losses  of  head  at  entrance 
and  in  the  Siamese  joint  have  not  been  regarded,  and  it  is  unnecessary 
to  consider  th»e  when  the  hose  lines  are  long.  For  lines  less  than  100 
feet  in  length  the  tosses  of  head  at  entrance  may  be  taken  into  account 
by  adding  ihe  term  o.s(/J,  (/,)",'«'  to  the  denominator  of  (201).  The 
loss  of  head  due  to  the  Siamese  joint  may,  in  the  absence  of  cxperi- 
menlal  dat.i,  be  approximately  accounted  for  by  addinx  about  o.oj 
to  that  denominator,  thus  considering  its  inlluencc  about  one-half 
that  of  the  nozzle.  In  a.  caac  like  that  of  the  last  paragraph,  where  the 
length  /  in  two  of  the  hose  Vrnvs  is  nearest  the  pumps,  the  value';  of 
e  and  e,  may  be  increased  by  0.5  in  order  to  introduce  the  influence 
of  the  entrance  heads.  Errors  of  5  percent  or  more  are  liable  to  occur 
in  computations  on  jiumping  through  short  hose  lines, 

Prob,  20\a.  Thtw  hose  lines  run  from  a  pump  to  a  Siamese  connec- 
tion, each  being  500  feet  long  and  ij  indict  in  diatueler,  and  from  the  siamcsc 
oni-  line  ^o  feet  tone  and  ij  inrhi»  tn  (linmcI<T  Icadt  lua  if-inch  nozzle  hnv> 
ing  a  velociiy  coefficient  of  o.q6.  When  the  pressure  at  the  pump  is  lOO 
pouiitl*  per  aquaie  inch,  what  is  llie  discharge  (rum  thi"  iiomIc  and  the  vcloc- 
ily-hcad  of  the-  jet  ?    What  friction  hcadsarc  lost  in  Uic  hose  and  noulc  ? 

Prob,  '2()l/i,  In  a  fire-engine  test  made  in  igo,},  the  lengths  /,  and  It 
WL-re  50  feet,  tlia  knglh  /  was  u  (eel,  and  I,  wa.i  Kero,  as  iJic  noctxie  was  at- 
tached directly  to  the  siamtsi^  joint.  The  di.imeler  d,  wns  3  incJiM,  while 
d  and  dt  were  i}  inches,  and  D  was  i  inches.  The  pressure  gage  on  the 
sttamer  read  ijo,  while  one  on  ihe  warneMe  joint  read  63  pounds  per  square 
inch,     Compute  the  prcssurc-bcad  at  the  situnctc  joint. 


4 
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is  20  centimeters  and  its  lengtt 

Prob.  201/.  The  calorie  is  1 
required  to  raise  one  kilogram  o 
perature  of  the  water  b  near  tlu 
are  equivalent  to  1 000  000  Brit 
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APPENDIX 

Aht.  202.    Hydraulic;  Machinery 

Hydraulic  presses,  jacks,  accumulators,  clc\ators  and  other 
apparatus  by  which  pressure  and  power  are  transmitted  through 
water  are  frequently  incUided  under  the  term  hydraulic  machin- 
ery. In  these  the  action  of  the  water  is  mainly  hydrostatic 
(Art.  10).  Hydraulic  motors  convert  the  energy  of  water 
into  useful  work,  pumps  raise  water  by  the  work  applied  to 
them,  but  hjdraulic  mac)\inery  transmits  energj-  Uirough 
water  from  a  point  of  application  to  a  point  where  it  is  utilized 
in  doing  work. 

The  hydraulic  press  used  in  testing  machines  U  very  simple, 
consisting  of  a  c>'linder  C  into  which  water  h  forced  through 
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the  piiie  A  (Fig.  202a).  The  water  pressure  acts  upon  the 
piston  D  and  is  tran.smitled  to  the  plunger  P  to  one  end  of  the 
liar  F  which  is  under  test;  the  other  end  of  the  bar  abuts  against 
the  tail  piece  G  which  can  be  fastened  in  any  conveiuenl  position 

\  on  the  four  guides  //.  If  the  diameter  of  the  piston  is  D  and 
the  unit  pressure  behind  the  piston  is  p.  then,  neglecting  friction, 
the  force  transmitted  to  the  test  bar  is  Jir/)^^,  so  that  if  the  diam- 
eter of  the  bar  is  d  the  unit-stress  in  the  bar  is  {J5/rf)'f.  The 
unit-pressure  P  is  measured  either  by  a  mercury  column  or  by  a 

I  spring  gage  B.  The  machine  at  I'hoeiux\Tlle  has  a  capacity  of 
J300  tons,  which  is  developed  by  a  pressure  of  8oo  pounds  per 
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square  inch  in  the  cj'UndtT;  the  piston  is  64  inches  In  diameter 
and  has  u  73-inch  stroke,  and  the  machine  can  be  used  for  both 
compressive  and  tensile  tests. 

The  hydraulic  jack  is  a  portable  machine  which  is  a  combina- 
tion o(  a  force  pump  and  hydraulic  press.    The  common  fonn. 
invented  b>'  Dudgeon  about  1850,  con- 
sists essentially  of  a  fixed  vertical  column 
A   (Fig.  202ft)  upon  which  moves  the 
jack  B,  whose  upper  portion  C  is  hoUovf 
and  contains  the  operating  fluid.    By 
means  of  the  handle  II   this  fluid  h 
forced  by  the  piston  P  into  the  lower 
reservoir  E  where  its  pressure  lifts  the 
part  B  together  with  weight  W.    At  \\ 
is  an  in  ward -opening  valve  which  admits 
the  fluid  beneath  the  piston  when  the 
handle  H  is  raised,  and  at  Vj  is  a  down- 
ward-opening valve  through  which  the 
fluid  passes  when  the  handle  is  lowered; 
when  it  is  desired  to  lower  the  movable  part  B  these  valves  arc 
held  open  by  proper  devices  so  tliat  the  pressures  in  E  and  B- 
become  equalized.    At  T  is  a  toe  which  may  also  be  used  for 
lifting.     The  large  jacks  used  for  lifting  bridges  have  capacities 
of  600  tons,    Xcglecting  friction,  tlic  mechanics  of  the  jack  i 
simple.     Let  W  =  load  to  be  lifted,  this  including  the  w^ht  o: 
B,  let  F  =  force  applied  at  end  of  handle,  n  and  b  =  lever  arms 
shown  in  Fig.  202ft,  d  =  diameter  of  piston  P,D  =  duimeter  of 
reservoir  E;  then  If'  =  {D/df{aj'h)F.    For  example,  if  a  =  36 
inches,  A  =  ij  inches,  d  =  \  inch,  Z>  =  4  inches,  then  a  force  P 
of  100  pounds  nill  lift  a  load  If  of  68  300  pounds;  when  the  force 
F  falls  10  inches  the  weight  It*  rises  0.0146  inch. 

The  accumulator  is  a  device  for  storing  energj*  by  means 
of  water  under  pressure  in  a  tank.  The  water  is  forced  into  the 
lank  C  by  pumps  through  the  inlet  pipe  /  (Fig.  202c)  and  its 
pressure  lifts  the  plunger  P  and  the  attached  loads  W;  when  the 
plimgcr  has  reached  the  to[)  of  its  travel  It  brings  into  action 
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a  mcchani&m  which  stops  th«  pumps.  The  water  imdcr  pres- 
sure pa.sses  out  of  the'c>lindcr  through  the  outlet  pipe  O,  and,  as 
the  plunger  ncars  the  bottom  of  ils  travel,  another  mechanism 
starts  the  pumps.  Let  H'  be  the  total  weight  of  plunger  and 
loads.  D  ~  diameter  of  plunger,  and  l>  =  unit-pressure  in  the 
water;  thca/"  =  II'/iTtP,  if  friction  of  the 
packing  be  ignored.  Let  s  =  stroke  of 
the  piston,  then  Ws  is  the  work  that  can 
be  developed  in  one  stroke.  The  accu- 
mulator is  uted  for  delivering  energy'  to 
forging  processes  and  other  macbincr>' 
vhoise  action  is  variable.  Let  n  be  the 
quantity  of  water  required  in  the  time  / 
during  which  the  machine  is  working,  and  q^^^ 
T  the  time  of  a  whole  operation,  that  is, 
the  period  of  working  plus  the  time  of 
rest-  If  an  accumuiatnr  is  not  used  the 
pump  must  be  large  enough  to  furnish  Q/l 
per  second  while  with  an  accumulator  only 
^/7' is  needed. 

The  diffcrcntal  accumulator  (Fig.  202rf)  enables  a  much  higher 
pressure  to  be  maintained  with  the  same  load  If;  here  tht-  plunger 
is  fi.xed  and  is  made  of  two  diameters,  the  lank 
C  being  in  the  annular  space  above  the  larger 
diameter.  If  D  and  d  he  the  two  diameters,  then 
/>  =  WJiw{t>^-tP).  Pressures  as  high  as  2000 
pounds  per  square  iiKh  have  been  develoi>ed  and 
utilized  by  the  different i.nl  accumulator.  Let  p 
be  this  unil-prcs*urc,  and  the  diameters  be  7  and 
5  inches;  then  B'=  Jooo  (38.48-19.6j)  =37  700 
pounds;  if  Uic  stroke  b  10  t«t,  the  encrg>'  that 
can  be  dcvcloiKxl  in  one  stroke  b  377  000  foot- 
3  pounds,  which  is  equivalent  to  11.4  horse-powers 
utilized  in  one  niinutc.     This  result  h  slightly  too 
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large  because  friction  losses  have  not  been  consid. 
cred.  The  efficjcncy  of  an  accumulator  is  usually  about  98  percent. 
A  large  accumuUtor  in  London  stares  i.S  horsc-powcr-hours,  or  1(18 
hoiwr-powcrs  can  be  utUiaed  in  one  minute. 
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Other  liydnulic  nadiinai  may  be  T^nrded  aa  modificrtiaa  irf 
tbe  pump,  the  Igrdnulic  press  and  the  acoumdator.  Among  that 
are  the  mter-pnasure  eogiae  (Ait  171)i  bydiaulic  etevmton,  hak^ 
rivctcis,  brakes  and  gate-operating  devices.  In  aQ  of  these  the  mta 
acts  by  hs  pressure  and  the  effideocy  of  the  operatiooa  dcpeodi  npon 
the  ^lecial  pistons,  packings,  valve^  and  r^oUton  -wbaA  are  nt^ 
these  win  not  be  considered  here  as  their  operation  invohres  m 
hydraulic  princqJes. 

Tbe  efficimcy  of  a  hydraulic  twin-iilT»>  is  the  ratio  of  fle' 
woA  derived  from  it  to  the  work  applied  to  it.  Thus,  for  a 
hydraulic  elevator — ^let  Wi  be  the  weight  of  the  water  coo- 
sumed  in  <hm  up-aiul-down  tiq>,  ttus  water  acting  under  the 
pressure-head  At;  let  IT  be  the  total  load  which  is  lifted  by  tbe 
etevatcv  through  the  height  h;  then  the  efficiency  is  «  =  Wk/Wihi 
In  which  Ai  may  be  replaced  by  3.3^,  if  ^  is  the  water  pressoit 
in  pounds  per  square  inch  and  h  is  ^ven  in  feet  Hunger 
ele^'atora  with  a  good  counter-balancing  arrangement  ^ve 
«-o.9o,  while  without  such  balancer  e  may  be  as  low  as  0.30. 
In  general  a  reliable  predse  value  of  the  efficiency  pf  a  hydrau- 
lic machine  is  difficult  to  determine. 

Vtoh.  'J02d.  An  accumulator  loaded  to  a  pressure  of  800  pounds  per 
s(|iiart'  inih  has  a  plunger  iS  inches  in  diameter  and  a  stroke  of  21  feet. 
\\  hut  is  the  load  11'?  What  horse-power  can  be  obtained  for  a  period  of 
jc  si.i'i>nds? 

Art.  203.    Miscellaneous  Pkoblehs 

The  following  problems  introduce  subjects  that  have  not 
bwn  specifically  treated  in  the  preceding  pages.  Teachers  who 
wish  to  offer  prize  problems  to  their  classes  may  perhaps  find 
sumo  of  these  suitable  for  that  purpose. 

Prob.  2(13.1.  A  wooden  water  tank  18  feet  in  diameter  and  34  feet  high 
is  111  bt'  htK>pi.'d  with  iron  bands  which  may  be  safely  spaced  6  inches  apart 
Lki  iho  middle  of  the  height.  How  far  apart  should  they  be  spaced  at  the 
bo  Horn  ? 

I*Tob.  203*.  A  house  is  60  feet  lower  than  a  spring  A  and  30  feet  higher 
than  Li  spring  B.  A  pipe  from  A  to  the  house  runs  near  B.  Explain  a 
iiii'ihod  by  which  the  water  from  B  can  be  drawn  into  the  pipe  and  be  deliv- 
vrixl  ut  the  house. 
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Prob.  20M.  From  a  pumping  station  water  is  forcwi  by  direct  pressure 
through  3  compound  pipe,  ronsisling  of  T500  feet  of  14-irKh  pi[>c.  4100  feet 
o(  ij-inch  pipe,  and  ;8o  feel  o(  8-inch  pipe,  to  a  6-inch  pipe  on  which  there 
are  three  hyilranls  .1,  B.  anil  C.  A  h  ijj  feet  from  tlic  em)  of  the  fi-inch 
pipe  and  115  f^el  above  the  gage  at  the  pumping  station;  B  is  4.1^  feet  from 
the  end  of  the  S-iiich  pipe  and  tjs  (ect  atiove  the  gage ;  C  ix  733  feet  from  the 
end  of  the  8-inch  pipe  and  1 25  feet  above  ibc  gage.  To  cnch  of  these  hy- 
drants  is  attached  50  feet  uf  1  J-inch  rubber-lined  hose  with  a  i-ioch  smooth 
nozzle  at  the  end.  When  the  gage  at  the  pumping  station  reads  17s  pounds 
^■r  s(]uare  inch,  tu  what  heights  will  the  three  streams  be  thrown  from  the 
three  nozzles^ 

Prob,  203e.  When  a  body  falls  vertically  in  water,  its  velocity  soon  l>c- 
comes  comlanl-  For  a  smoolh  sphere  afl  approximate  formula  for  this  veloc- 
ity is  i'V3£rf(j^M),  in  which  d  is  the  diameter  of  the  sphere  an<lii[s»pe- 
cific  giavily.  Compute  the  velocity  i'  for  a  sphere  having  a  diameter  of  o.ooi 
feet  nnd  a  specific  gravity  of  :.35. 

frcib.  20:i/.     The  wlocity  with  which  water  flows  through  a  sand  filter 
bed  varies  directly  ns  the  head  (.Art,  110).     If  V  b  the  velocity  in  meters 
per  day.  d  the  effective  sixe  of  the  sand  grains  in  mlllimetcn,  k  the  liead, 
I  the  thickness  of  the  snnd  bed.  and  /  the  centigrade  temperature. 
V  =  1000  (0.70  +  0.031}  {k/l)iP 

is  the  formula  deduced  by  Hazcn,"  When  l~}i°.i  centigrade,  </— 0.4 
millimeters,  (^=4  feet,  and  /(-0.4  feet,  lind  how  many  million  galloris  per 
day  will  pass  through  one  acre  of  lilter  beds. 

Prob.  203j;.  .K  bent  U  tube  of  uniform  size  is  partly  filled  with  water. 
Let  the  water  in  one  [eg  be  depressed  a  certain  distance,  causing  that  in  the 
other  to  rise  the  s;ime  distance.  When  the  depressing  force  is  removed,  the 
water  oscillates  up  and  down  in  the  legs  of  the  tube,  the  limes  of  oscillation 
being  isochronous.  If  I  be  the  entire  length  of  the  water  in  the  tulie,  show 
that  the  time  of  one  oscillalion  is  w  Vf/ii-  If  the  legs  arc  inclined  to  the 
hori«mtJil  at  the  anyl-^  0  and  ♦,  .ihow  that  tlie  time  ol  one  oscillation  is 
»  V'.'jt  (sintf  -f  sin^), 

I'roh.  203A.  The  liotlom  of  a  canal  h.is  (he  width  2ft,  and  it  is  desired 
lo  shape  the  banks  so  that  the  hydraulic  radius  of  the  cross-section  may  Iw 
constant.     Show  that  the  equation  of  the  curve  is 

y  =  rlog.(*-l-v'j:'^^)   (.b+\'F^^) 
in  which  y  is  the  depth  of  the  water,  x  the  halt  width  of  the  water  surface,  and 
r  the  constant  hydraulic  radius. 

Prob.  20.1/.  A  river  having  a  slope  of  1  00  ijoo  runs  due  ejist.  A  line 
drawn  due  north  at  a  point  A  an  the  river  strikes  at  B,  5000  feet  from  A, 

•  Report  Masiachuactts  State  Uoard  •/!  Health,  1891,  p,  ssj. 
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the  edge  of  a  Urge  Bwimp  whldi  it  ii  desired  to  drain.  Tlielevidoftbembi 
in  this  iwamp  is  0.5  feet  bdow  the  river  surface  at^l,  and  it  is  desndit 
lower  that  level  1.5  feet  nraie.  For  this  purpose  a  ditch  ii  to  be  dog  m- 
ning  from  ii  in  a  strai^t  lii»  on  a  uniform  slope  until  it  jcrins  the  rivtrit 
a  point  C  eastward  from  ^.  The  discharge  of  this  ditch,  in  onki  to  pnipt^ 
drain  the  swamp,  willbe35cubicfeet  persecoitd,  itssideik^xsaic  tobei 
on  I,  the  mean  velocity  is  not  to  exceeds.;  feet  per  second,  and  the  cocS- ' 
cient  c  in  the  Che^  fOrroula  is  estimated  at  70.  Find  the  length  and  viBA 
of  the  most  economical  ditch. 

AsT.  201.    Answess  to  Problems 

Below  will  be  found  answers  to  some  of  the  problems  ^ven 
in  the  preceding  pages,  the  numbers  of  the  problems  being  placed 
in  parentheses.    In  general  it  is  not  a  good  plan  for  a  student  to 
solve  a  problem  in  order  to  obtain  a  given  answer.     One  object 
of  solving  problems  is,  of  comse,  to  obtain  correct  results,  but 
the  correctness  of  those  results  should  be  established  by  methods 
of  verification  rather  than  by  the  authority  of  a  given  answer. 
Zt  is  more  profitable  that  a  number  of  students  should  obtain 
different  answers  to  a  problem  and  engage  in  a  discussion  as  to 
the  correctness  of  their  solutions  than  that  all  discusaon  should 
be  stopped  because  a  certain  answer  is  given  in  the  text.    How- 
ever satisfactory  it  may  be  to  know  in  advance  the  result  of  the 
solution  of  an  exercise,  let  the  student  bear  in  mind  that  after  com- 
mencement day  answers  to  problems  will  not  be  given. 

(1)  One  horse-power.  (3)  147.3  pounds.  (4)  See  Table  4.  (7)  See 
Index.  (S)  39.56  inches.  (96)  Q.54  kibgrams  per  square  cenLtmetei. 
(9^)  S57S  kilograms.  (12)  40.6,  i-s6,  2.65.  (15)  38300  pounds.  (17) 
4.01  feet.  (20fc)  3.07.  (20c)  3945  kilograms.  (21)  56.9  feet  per  second. 
(25)  0  =  32.1  feet  per  second.  (27)  19.3  pounds.  (32)  34.9  secuids. 
(33c)  0.73.  (35)  i.q6  and  166  cubic  feet.  (36)  0.017  inches.  (37)  i.ts 
fett.  (39)  V  =  4.00  feet  per  serand.  (41)  See  Engineering  News,  May  4, 
1911.  (4.7)  £=  1.06.  (48)  c  -  0.605.  (49)  i7.afeet.  (50)  10.5  cubic  feet 
per  second.  (51)  0.034  cubic  feet  per  second.  (55)  103.  (59a)  Ci  =  0.98. 
(GO)  0.361  feet  per  second.  (62)  0.0109  '^t-  (67)  710  and  6.97  cutnc 
feet  per  second.  (71)  0.74  percent.  (72)  0.581.  (72o)  1.30  centimeteis. 
(7o)  0.126  feet.  (76)  0.13  and  7.60  feet.  (77)  0.28  feet.  (78)  e  =  0.90 
and  A,  =0.70.  (80)  c  -  0.803.  (81)  6.67  feet.  (83)0.963.  (84)  1.06. 
(89)  0.39  feet.  (95)  3.06  and  4-94  inches.  (98)  About  6  cubic  feet  per 
second.    (U2)  i.4feet.    (114)  n^teet.    (115)  7.32  feet  per  second.   (116) 
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i.i8Xo,64t«t.  (118)  57  40OOO0  gallon*.  (120)  d  -  3.09  feci.  (127A) 
04Knirtcr$.  (120)  546  cubir  feci  prr  second.  (132)  1.76  feet  per  second. 
(134)  r6o  cubic  f«t  per  second  (140)  <(,=  la.s  feel.  (14!if)  ^  -  0.41 
iiictere.  (145)  e.g.  (140)  13,5  hotsc-powers,  (147)  (.j»  horse-powcre. . 
(148)  25;  feel.  (149)  35.4  percent.  (15lc)  18400  kilowaUa.  (152)1 
3,96  gallons.  (155)  About  ijo  pounds.  (158)  34.3  («l  per  second. 
(I62a)  e  =  !>.»}.  (164)  From  4^  lo  50  horse-powors.  (165)  13.6. 
(17U)  30.1  kilowalU.  (172)  16  feci.  (175)  4.:  17  and  4.110.  (178) 
167.  (182«)  37.0  cubic  itictcrs.  (183)  743  hoi^c-powcra.  (1R5)  1530 
horse-powers.  (ISlrf)  r  =  11.6  meters.  (198)  c  =  o.7i.  (200)  i;.8 horse- 
powers.    (2(tlJ)  9}  meters. 

Kvolvi  Yiitio  prohlcmau-     In  sclriiiiis  cnim  nJimtmlu  jiresutil   ririiiiilx 
nugiiquam  prxx'epla,.     Qua  dc  cauu  in  hi)  fuiiui  expaliaius  ^uin.  —  Newton. 

rART.  205.  Mathematical  Tables 
Tables  A,  B,  C,  D  give  coosUnts  often  nettled  in  computations. 
Table  E  gives  squares  of  numbers  froin  i.oo  lo  p.qq,  the  arrange- 
rticnt  beins  the  same  as  that  of  the  logarithmic  tabic.  By  properly 
n^.oving  the  decimal  jwint,  four-place  squares  of  other  numbers  are 
iilso  readily  taken  out.  For  example,  the  square  of  0.874  is  0.7635, 
and  that  of  87.4  is  7639,  correct  lo  four  significant  figures. 

I  Table  F  gives  areas  of  circles  for  diameters  ranging  from  1,00  to' 

I  O.QO.  arranged  in  Ihe  same  manner,  and  by  properly  moving  the  deci- 
^^ptal  point,  four-place  areas  for  all  circles  can  be  found.  For  in- 
^^stance,  if  ihe<liaraeter  134.175  inches,  the  area  ia  13.69  square  inches; 
if  the  diameter  is  0.535  feet,  the  aa-a  is  0.2148  square  feet. 

Table  G  gives  trigonometric  functions  of   angles  and  Table  H 

the  logarithms  of  these  functions.     The  term  "arc"  mean^  Ihe  length 

of  a  circular  arc  of  radius  unity,  while  "coare"  is  the  con.plement  of 

the  arc,  or  a  quadrant  minus  the  arc.    If  $  is  the  number  of  degrees 

any  angle,  the  value  of  arctf  is  ir^'iSo. 

Table  J  gives  four-plate  common    logarithms  of    numbers,  and 
lete  arc  of  great  value  in  hydraulic  computations  (.\rt.  8).    Tabic 
taken  from  the  author's  "I-^lcmenls  of  Preci.te  Survej-ing  and 
;Geodesy,"  gives  nine-place  constants  and  their  logarithms. 

For  other  tables  used  in  hydraulic  compulations  see  American 
iCivil  Engineers'  I'ocket  Book  (New  Vork,  1913).     Barlow's  Tables 
i(London,   1007)  gi%*e    eixht-place  value;*  of  squares,  cubes,  square 
its,  cube  roots,  and  reciprocals  of  numbers  from  1  to  to  000. 


A.    Fundamental  Hydraulic  Constants 

English  Measures 


Nun  I 

Symbol 

\tfmbci 

Ldgiriltn 

Pounds  of  wp>       n  one  cubic  foot 

IB 

61.S 

"■?9ig 

Pounds  of  w         n  one  U.  S.  gallon 

077.481 

8-3SS 

a,93» 

Pounds   per           irc   inch    due    lo   one 

aimosphi 

14.7 

I.I0I3 

■"ounds  pel           ;  inch  due  to  one  fwi 

of  hfad 

w/144 

0-434 

t.6jJi 

Feet  of  head  for  pressui^ 

per  square  inch 

tu/v 

3.304 

o.3tiS 

Cubic  icct  in  one  U.  S.  gallon 

il/lJ28 

o'337 

1. 1)1: 

U.  S.  gallons  in  one  cubic  foot 

'38/»3i 

7.481 

o-B;j9 

Atcelcrnlion    of    gravity    in    feet 

second  per  second 

S 

33.16 

i.W.i 

V.S 

6.010 

D.9C4' 

l^'S 

5.347 

o,:i!i 

l/J, 

0.01  sss 

j.ioia 

JtVjs 

6.399 

o.;w] 

Table  B,     Fundamental  Hydraulic  Constants 
Metric  Measures 


Nime 

Synbd 

Number 

LofTirilb* 

Kilograms  of  water  in  one  cubic  meter 

10 

lOOO 

3.0000 

Kilograms  of  water  in  one  liter 

w/iooo 

I 

o.oooo 

Kilograms  per  square  centimeter  due  to 

one  atrnosphere 

1-033 

0.014) 

Kilograms  per  square  centimeter  due  to 

one  meter  head 

w/ioooo 

O.I 

I.OOOQ 

Meiers  ol  head  for  pressure  of  one  kilo- 

gram per  square  centimeter 

10000/ w 

13 

I -0000 

Cubic  meters  jn  one  liter 

i/iooo 

0,001 

30000 

Liters  in  one  cubic  meter 

1000/ I 

iOOO 

3-0000 

Acceleration   of   gravity  In   meters  per 

second  per  second 

i 

9.800 

O.Q9'3 

V,, 

4-437 

0.6461 

i^^ 

3.951 

0.4700 

i/ig 

0.05104 

3.7077 

irV^ 

3-477 

0.3411 
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Table  C.    Mrtric  Eqoivalknts  op  ENCLisn  Units 


Eolith  Ldit 

SItii't  F,i)uIv>Jfd[ 

Lotforiihni 

1   Inch 

1,5400  cenlimeiers 

o.40'l83 

I  Foot 

0.304S  met  cm 

1.48403 

1  S'l'inrc  Inih 

6.45  }o  M|uurr  ten  I  i  met  on 

O.Sogiig 

1  HitUiirt  Foot 

o.oQiQO  squnrc  roctcra 

T9OS03 

I  Cubic  Fool 

o,o:8ji  cubic  meters 

5,4s  JOO 

1  V.  S.  Gullon 

J -7854  liters 

aj7S:j 

1  ImptrittI  Gnllon 

4.S438  litew 

ft.6j74j 

I  Pound 

0.453^  Itilogrami 

1.65667 

I  Pound  |>cr  Square  Inch 

0.07030  kilo);;rams  per  square  centl- 

melcr 

5.84007 

1   I'oiind  ptr  Cubic  Foot 

16.017  IijIuKram;  per  cubic  meter 

1.W4S/ 

1  Fool -pound 

0.1383  kiiogrjm-meicri 

T.  14069 

I  I  lone- [tower 

1. 01 39  chevsl-vopcur 

0.00SW 

Falirenhcil 

Centigrade  tempenbire 

Temperature  F' 

C'-J(F»-3i") 

Table  D.    English  Equivalents  of  Metric  Units 


Metric  Unil 

Kn^iib  Eqoivattne 

Laciilibni 

1  Cenlimeler 

o.3g37  inches 

I-i05'7 

1  Merer 

3.J808  teel 

0,51508 

I  Square  Centimeter 

0.1550  »]ua[«  inches 

1.J9031 

I  Square  Meier 

10.764  HTiunrc  feel 

1. 03101 

1   Cubic  Mclfr 

3J.314  cubic  (eet 

1. 54  JO' 

1  liter 

0.164}  L'.  S.  gallons 

T,4liS8 

t  I-iler 

O.iioi  inif)eri.il  gultons 

T.34JS8 

I  KituKniin 

1.1046  pounds 

0.34333 

1  Kilogtnm    per    Squnre 

Centimeter 

14.114  puuiKlis  |>er  square  inch 

t.«S.W3 

1  KiloEram     |M--r    Cubic 

Meier 

0.06744  pouniU  |M-r  cubic  foot 

'74S4i 

1  RiioKram-melt't 

y.iiiq  fooi.pound» 

0.850.11 

1  Cheval-vnpcur 

0.0863  hiirse-powcr* 

1.99041 

CentiRraiJc 

Fahrenheit  temperature 

Tcmpernture  C" 

F'-3»'+i.«  C 

■^ 

■ 

V 

^B 

^B 

^ 

■ 

■ 

■ 

.648 
I 

I 

i 

Appendix 
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1 

I 

i 
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Table  E. 

Squares  of  Ndsdjfrs 

n 

o 

1 

3 

i 

4 

s 

6           7 

S 

9 

Uil 

1 

I.OOO 

1.010  1.040 

1.061 

i.oSi 

1.103 

1.134  1.14s 

1.166 

1.188 

31 

i.i 

I.IIO 

f'3 

3  1-154 

1.377 

1,300 

1,333 

1.346  1.369 

1-393 

1.416 

34 

1.3 

M40 

1.464   [.483 

1.313 

1-338 

1563 

1.5SS  1.613 

1.638 

1.664 

36 

>3 

l,6go 

1.71 

6   1.741 

1,769 

1.796 

1.833 

1.850  1.87; 

1.904 

1-93* 

l& 

-,. 

1-4 

1.96a 

i,g38  1.016 

1.04S 

1.074 

3.103 

3.133   l.l6t 

1.190 

l.llO 

30 

[-S 

1.350 

i.iSo  1.310 

3-34' 

3-373 

3-403 

1.434   3.46s 

3.496 

3.518 

33 

I. a 

J.  560 

'■59 

3   3.614 

-■.657 

1.690 

3-733 

1.756   3.789 

i.Si) 

1.356 

34 

(-7 

i.Scjo 

1.914  1,958 

3.993 

3.018 

1,063 

3.098  3.133  3.168 

3-  -'04 

3* 

i.a 

j.340  3.376  3.311 

3-349 

3-386 

J-  13 

3.460  3.497 

3-S34 

3.573 

3« 

■ 

1-5 

J.610 

3.648  3.686 

3.7'S 

3-764 

3.i^j 

3.843  3.83t 

3.930 

3.960 

40 

i 

I.O 

4.000 

4.040  4.080 

4.:ii 

4.161 

4.103  4.144  4.18s 

4.316 

4-368 

»> 

1 

l.t 

4.410 

4-45 

1  4.494  4  537 

4-580 

4-633 

4.666   4.709  4-7S.' 

4.796 

44 

1 

1  ) 

4.840 

4.884  4.918 

4.973 

5-018 

J.063 

S.108  5. 153 

S.l«8 

s  344 

4S 

1 

»-3 

S-i»» 

S.336  5.381 

5439 

S-476 

5-S3J 

5570  S-6'7 

5.664 

5713 

a 

1-4 

J.760  5.8oS  S.856 

5-905 

S-954 

6.003 

6.033  6.101 

6.150 

0.3OO 

ja 

i-S 

6.150 

6.300  6,350  6.40t 

6.451 

6-503 

6.554  6.60s  6.656  6708 

5' 

0.6 

6.7&9  6.S11  6.8^4 

6,917 

6.97D 

7.033 

7.076  7-1=9 

7,181 

7  336 

S4 

1-7 

7.JI)3 

7.3*4   7.338 

7.453 

7.508 

7-563 

7.618  7.673 

7.718 

7-784 

56 

1.8 

7-840 

j,8g6  7.953 

8.009 

S.066 

8.133 

8.180  8-137 

8.194 

8-3S3 

58 

].g 

8.410 

8,468  3.5 16  3.585  8.644 

8-703 

8.761  8.811 

8.8S0  8.940 

bo 

3-0 

Q.OOO 

9.060  9  no 

9.1S1 

9.341 

9-303 

9.364  9.415 

9.486 

9.548 

Ai 

31 

g.6io 

9.67)  9.731  9.797 

9.860 

9-933 

9.986  10.05 

10.11 

10.18 

A 

J.  3 

10.14 

10.30  10,37 

10.43 

10.50 

10.56 

10.63  10.69 

10.76 

lo.Si 

T 

i-3 

lo.Sg 

io,g6  11,03 

11.09 

11.16 

11.11 

11. iq  11.36 

11.41 

11.49 

7 

3-* 

11.56 

11.63   11-70 

11.76 

11,83 

11.90 

11.97   13.04 

il.il 

ii.iS 

; 

3-S 

la.JS 

11.3]  11.39 

13.46 

13- S3 

11.60 

1J.67  13.74 

It, Si 

11.89 

7 

S6 

I].q6 

»J-o3  "J'" 

13.18 

■3-35 

'3-3' 

13.40  13.47 

'3-54 

13-63 

7 

3-7 

13.69 

13.76  13.84 

13-9' 

■399 

14,06 

14.14  14.3c 

14.39 

14.36 

i 

3-8 

14-44 

14-SJ  14-59 

14.67 

14-75 

14,81 

14.90  14.98 

15*5 

15-13 

I 

3-9 

ts.2l 

13.19  15-37 

'5.44 

15.53 

15.60 

15.68  iS-76 

15.84 

1593 

i 

4^ 

i6.oo 

16.08  16.16 

16.14 

16-33 

16.40 

16.48  16.56 

16.65 

16.73 

t 

4-1 

16.S1 

16.89   1^.97 

17.06 

17.14 

17.1a 

17-3'   17-3') 

'7.47 

17.56 

i 

4-" 

J7.64 

17.7 

1    17.81 

17.89 

17-98 

1S.06 

18.15  '8.13 

18.31 

18.4a 

i 

4-3 

18.49 

1S.58   18.66 

■8.7s 

18.S4 

18.QJ 

19.01    19.10 

19.18 

19.37 

9 

4-4 

19.36 

19.4s   19.SI 

19.63 

19.71 

19.80 

19.89  19.98 

10.07 

10,16 

9 

4-5 

to.'s 

10.34   10.43 

30.51 

30.61 

10.70 

10.79  30.  SS 

10.9S 

11.07 

9 

4-6 

21.1b 

11. 1 

5   '"-34 

11.44 

31-53 

31. 61 

11.71  11.81 

11.90 

ll.OO 

Q 

4-7 

11.00 

11. 18  jj.ja 

"-37 

33.47 

33.56 

11,66  11.75 

11.3s 

J  1.94 

\a 

4.8 

'J-04 

13-' 

4  13- '3 

33.33 

'3.43 

33.53 

13.63  13.71 

33.81 

33-9' 

la 

4-9 

14.01 

J+.11  14.11 

34-30 

14.40 

14.50 

14.60  34,70 

34.80 

14.90 

10 

S-o 

15.00 

15.10  15.10 

35-3° 

35-40 

35,50 

15.60  13.70 

15.81 

15.91 

10 

S-> 

16.01 

16.11    16.11 

36.31 

16.41 

16.53 

16,63  36.73 

16.83 

26.94 

10 

S» 

j;.o4 

17.1 

4   37.15 

37-35 

17.46 

37-56 

37-67  37.77 

37.88 

17.98 

II 

S-3 

18  .og 

18.10    38.30 

38.41 

38.43 

18.63 

18-73  38.84 

38.94 

J9,DS 

II 

S-4 

n 

19.16 

19.1 

7   39-38 

19.4a 

39-59 

39.70 

39.81   39.93 

J0.03  30.14 

11 
Difl. 

0 

1 

1 

3 

4 

s 

6           7 

8 

9 

■ 
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Table  E.    Squares  of 

Nltmbers  {Continued) 

n 

5S 

$■7 

e        t        1        J        4 

S         i        7         i        9 

DiS. 

11 
11 
11 
11 
11 

3**5  3*-J6  J0.47  30.58  30.69 
31-36  J'-47  3i-S«  31-70  31.81 
3)-49  Ji.oo  3J.7V  31-83  3),9S 
3i-^*  3376  33.87  3399  34-11 
34-^1  3+9U  35-05  35-'6  3S-»8 

30.80  JO.91  31.01  31.14  31.15 
31.91  3'-04  31-15  3l-*6  31.38 
33-06  33.18  33,19  33.41  33.51 
34. J  J  34-34  34-46  34.57  34-69 
3S-40  355'  35-64  33-76  35-88 

6.1 

6.1 
6.3 
6.4 

36.06  36.11  36.J4  36.30  3'*48 
37.'«  3T.J3  37.4s  37-58  37-TO 
38.44  J^-Sfi  38.60  38-8'  3*-<» 
39.6g  39.Si  39.94  400J  4O.)0 
40,96  4fj39  41-SJ  -11-3+  4".47 

36-60  36,71  36.84  .)6.9:  37-09 

37.81  37-95  38,07  38-19  38-31 
39-06  39.19  39.31  39.44  39.J6 
40.31  40.45  40.58  40.70  40.83 
41.60  4'-73  41-86  41,09  41-11 

u 

13 

'3 
'3 
>3 

fi-s 

6ft 

6-7 
6.8 
6,9 

41.15  41  38  41.51  41.64  4»,?7 
43  S6  43-61)  4j,8i  4.),fl6  4409 
44.89  AS.03  45.16  45-'0  4S-« 
4(«.»4  4". 3^  4''>J<   4''-6S  46-79 
47  61  47  75  478')  48-01  4».i6 

41.QO  430J  4S-"6  43-30  43-43 
44-11  44.36  44.49  44-61  44.76 
45-56  4S-70  45.83  45-97  46.10 
4ti,gi  47.0C  47.10  47-33  47.47 
48.30  48.44  48.58  48.71  48.S6 

'3 
13 
14 
14 
14 

7.0 

;•• 

7-' 
7.J 
74 

4D.00   49,14   49.18   4Q.4I   49.56 

ja4t  53.55  50.09  5»*t  50.98 
51.81  si.qS  S'-'i  S.'-i?  Si^i 
53  »l)  53-44  53.58  53-73  5^88 
St-7f>  S4.9I  SS-oO  SS-N  SS-3S 

49.70  4984  49.98  50.13  90.17 
51.11  ;i,i;  51.41  51.55  51.70 
51.36  si.Ji  51.85  5.V00  SJ.14 
S4-01  54.17  54-3'  54-46  54.61 
5550  55-65  55.80  S5.9S  56.10 

•4 

14 
"S 
t5 

IS 

7S 
76 

7-7 
;.8 

7.g 

i6.JS  56.40  56.55  56.73  S*^^5 
57-76  57.91  58,06  58.  M  58.17 
59.19  50-44  SO.60  S97S  SO-O' 
60-84  61.00  61.15  61.^1  61, -;7 
61.41  *3.S7  <i).73  6J.8S  63.04 

5J.O0  57.15  57-30  57.46  57.61 
58.51  58.68  58.83  5S.9S  59  14 
6ouo6  60.11  60.37  60.53  6<'-68 
61.61  61.78  61.Q4  61.CO  61.15 
63.30  63.36  63.51  63.68  63.84 

'S 
IS 
16 

16 
16 

8.1 
«4 

64.00  64.16  64.3]  64-43  64-64 
65.6:  65.77  65.9J  66.10  66.16 
67.14  67.40  67.57  67.73  6?/>o 
68.89  69.06  69.)]  69.39  6q.;6 
70.36  70-73  70.90  7"-o6  JI.33 

64.80  64.96  65.11  6j,iu  65.45 
66.41   66.59  66.75  <^-9l   67.OB 
6S.06  06.13  68.39  68.56  68.71 
61J.7;  69,89  70.06  70.11  70.30 
71.40  71-57  71-74  71-91  7»-o8 

16 
16 
17 
17 

«7 

H,6 
8.7 

8.g 

71.15  71.47  7J.S9  7»-76  71-91 
-3.96  74-13  J4.3&  74-48  74.6S 
75-69  TS'"''-'  76.'>4  r6.Jl  76.39 

•7-44  -;-6i  -7-79  77-07  78.15 

J9.11  79.30  79.57  79.74  7i).9l 

73- 10  73.37  73*4  73-6»  7J-» 
74.81  7S-0O  75.17  7534  755' 
76.56  7*^74  76.91   77*9  77-»6 
78.33  JSjo  78.68  70.85  79*3 
80.10  S0.18  80L46  80.64  80.S1 

17 

17 
■8 
18 
18 

9" 

9.4 

8l.oo  81.18  81-36  8l.S4  81.71 

81.81  &i.v>  83.(7  83-36  83.54 

84.64  84.81  85,01  85,19  85.38 
86.40  86.68  86.86  87.05  87.14 
8S.36  88.55  88.74  88.91  B9.11 

81,93  8i.o«  81.16  81.45  81.&3 
8.1.71  83.91  84.09  84.:?  84.46 
83.56  85.7s  65.03  86.11  86.30 
81.41  87.61  87.»e.  87.98  88.17 
89.30  S0.4O  89,68  89.S7  90.06 

iS 
18 
10 
>9 
19 

OS 

U.6 

9.7 
9,8 

99 

n 

90.15  90.4,1  90,63  90.81  91.01 

91.16  91  35  91-S4  91.74  9S-93 
94.09  94.18  01.48  91.67  94.87 
96.04  96.34  96-43  96.63  96.S3 
9S.OI  98.lt  98-41  9S.60  9S.80 

91.10  91  39  91.58  91.78  91.97 
93-"'  93-33  93-5'  «•'*  W-^o 
9506  9S-36  93-45  95-65  9584 
97-01  97-11  97-41  97-61  97.81 
99.00  99.10  99.40  99.60  99.80 

19 
19 

10 
10 
30 

01:34 
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Table  F.    Areas  of  Circles 

r 

4 

0         I             J           3           4 

S          6         7          8          » 

oa. 

.;8s4  .&I1  .*i7i  .S331  JSt9S 

.8650  .8835  J991  .9161  .9331 

t.> 

.9S°3  -Ot")'  -9851  1.00J  1.011 

1.039  1.057  1.075  1-094  i.iii 

t.* 

t.131   1.15Q  1.16Q  i.iSS  i.ioS 

1.117  1147  1.1*7  1187  1-307 

'9 

i-i 

1-3!;  I.WS  I-J6&  l.jSo  i.4"0 

1.431   1-453  1-474  "■406  1.517 

11 

'4 

'■539  '-5*"   '-5*4  '-'•tKi  i.t-jg 

1.651  1.674  1-697  l-7»  1-744 

13 

'-S 

1.76J  1.791   I-81S  1.8m  1.863 
i-on  1.03A  i-oc>i  Z.0&7  i.tii 

1.837  '-O'l    '-9.16  1.9O1    1.986 

14 

i.a 

l.ljS  1.164  1.190  I.117  1.143 
3.405  3.433  »-46t  i-4«8  i-Sio 
1.68S  1.717  >-746  3.776  3.8e6 

tb 

*J 

j.»;o  I./V7  I..P4  »-JS>  '■378 

»7 

i£ 

J-S4S  J.S73  »-6o»  ».630  a.6sg 
i.«3S  JJkis  i.89S  »-9s6  »-9S4 

n 

'9 

1,986  3«i7  S-o^  3-079  3'tlO 

JO 

1.0 

.1,141  3-173  3-ioi  3W  3-'69 

3-301  3-333  3-365  3-398  J.4S« 

p 

1.1 

J.464  3-407  3-S30  35*4  3-S97 
j.«oi  s-836  3-»7'  3906  3-94" 

4.631  J.0(i4  3-698  3-733  3-767 
J.976  4-01  J  4-047  4-083  4-119 

34 

i.a 

a 

»3 

4.ISS  4->0'  4-l'7  4.ifi4  4-3»' 

4-337  4-374  4-*>3  4-449  4-486 

j» 

2-4 

4.314  4S*»  4-600  4-638  4-676 

4.714  4-753  4-79'  4-831  4^70 

j» 

»-S 

«.Wg  4-04*  4-98«  S.OJ7  3-067 

S.107  3.147  s>87  S-118  J. 169 

«e 

t.6 

S-309  S-3SO  5-301  S.433  S-474 
5.71*  5-768  5S11  S.853  3-896 

S-SIJ  S-S57  5-S99  5-641  5.683 

41 

*.T 

5.940   5.9K3  6.016  6.070  6.114 

*3 

J.8 

6.158  6.201  6.>«0  6.190  6.3JJ 

6.374  6.414  6469  6  5<4  6.560 

M 

»-0 

6.60J  6.651  6.6gj  6^743  6.789 

6.855  6,881  6.9J8  6,975  7-011 

46 

i« 

7.060  7.11ft  7.16J  '■'"  7-'i8 

7-306  7-3S4  7-401  7.451  7^99 

48 

3' 

7-548  7-506  7.445  7.694  7.744 

7.703  7843  7-891  7-94*  7-003 

49 

3.1 

S/S41  ».OQj  ii.t43  8.194  8.14  s 

8-190  8,34;  8,398  8.450  8.501 

S" 

4-3 

S.jsj  8.60J  »,6s;  8,709  8.7tii 

8.814  8.8^17  8,910  8.973  9-0)6 

51 

J-* 

9.079  9133  0-"86  9  140  9-«4 

g.348  9,401  9.437  9-3"  9-566 

54 

3S 

9.611   9.676  g.731   9.787   9.841 

9.898  0.9S4  'tto'   'O.07  10.13 

S6 

J.0 

lO.lB  10.14   10. )Q  10. is   10.41 

io.4ft  10.51  10.58  10.64  10.69 

0 

J.7 

10.75  >o8i  10.S7  10.95  >o>9<l 

tl.04  It. 10  11,16  11. 11  11.18 

6 

J.8 

tt.34  (i^o  11.46  11.51  ti.58 

11.64  I'-TO  11.76  11.81  ll.SS 

6 

J'O 

tt^S  ii.oi  11.07  11.(3  ii'io 

11.15  '>■$'  l>'38  11-44  ll-SO 

6 

4.0 

it.57  11.65  >i-69  11.76  11.81 

ll.&S  11.95  1301   13.07  13.14 

I 

4.1 

13.JO  1J.37   '3-3J  13-40  13.46 

13-53  '3-59  13.66  13-71  13-79 

T 

*■' 

13-83  i39*  13-99  14-05  14-" 

14.19  I4-»S  14-31  '4-39  14-45 

I 

*i 

14-31  »4-S9  14-66  14.75  14-79 

14.86  14.93  15.00  15-0;  15.14 

7 

4-A 

15.11   15-37  133*  15.41    15-48 

■  SSS  '561  15.69  15.76  ij.»i 

7 

*S 

■S.QO  15. qS  i6.a;   16.11  16.19 

■6.26  16-35  16.40  16.47  i6.$s 
16.98  1706  i7-'j  17-10  17-3 

7 

4-6 

10.61  16.69  16.76  16.84  16.91 

I 

4.J 

17-35  '7-41  17.50  i;.s7  17.65 

17.71  17.80  17.87  17.95  18.01 

8 

4J 

18.10  i$.i7  '8.35  18.51   18.40 

18.47  18.55  18.63  18.70  18.78 

8 

4.9 

18.S6  iS.g5   19.01  10.09  iq.17 

19.14  19.31  19.40  19.48  19.56 

• 

5.a 

19.63    19.71    1979  19.8;  [9,9s 

to.oi  io.it  lo.iQ  70.17  10.3s 

8 

S" 

10.43  10.51  lo.w  30.67  30.7S 

JO.83  lo.ot  J0.99  31.07  >r.t6 

i 

S-i 

31.14  31.31   11.40  11.4S  11.57 

31.65  31.73  11-81  31-90  11J98 
11.48  31.56  11.65  31,73  ii-Sl 

S 

53 

11,06  11. IJ  11. >]  11. Ji  11.40 

8 

S-4 

11.90  11.99  IJ.07  13.16  1J.14 

13-33  »3-4t  33-50  13-59  13-67 

4 

01134 

5          <S         T          *         9 

Did- 

■ 

i 

I 

1 

^^^^H 

^^H    ^ 

■ 

■ 

p 

HHB^^Hkii 

^ 1 

■q 

i 

1 

Mfttbcmaticul  Tables.     Art-  306 

651       1 

' 

Table  F.     Akeas  of 

CiBCLKS  (C»»/inMaO 

Si 

5-7 
5-8 

i-9 

o          "          J          J          4 

S        6        J        8        ft 

Diflf. 

J3-76  13-84  tJOJ  »4J>i  14.11 

14.63  14.71  1481  14.^9  14^ 

3f,.%i  13.61   1570  »S.79  is88 
96.41  96.31  )6.6a  96.69  96. 7g 
17-34  ^743  J7-SJ  *7.6i  JJ-7' 

14.19  14.38  34.37   »4-4S   »<■« 
^S-o?  IS- "6  iS-»S  15-34  «-43 

1507   16.06    96,15    9<iu34    961,33 

30,38  16.97  97-06  37.15  97.35 
i;,8i  97.90  17.09  iSoo  98.18 

0 
0 
0 
0 
9 

6.0 
6.1 

6.A 

6.3 
6.4 

1S.J7  98.37  18.46  18,56  98,6s 
99.12  99.39  99.41  99.51  99.61 
jOl19  30.29  30.39  30-48  3»-S8 
31.17  3','7  3'J"  3'-4r  3'-S7 
39.17  39.9;  39.37  39.47  39.57 

9S.7S  98.84  =8.04  19-03  »9-'3 
39,71   9o8o  3990  30.00  3009 
30.68  30.78  30.SS  30.97  31-07 
39.67  31.77  31.87  3'-07  31.07 
33.67  31.78  31.85  31.98  33  =8 

9 
10 
10 

10 
10 

6-5 
6.6 

6.8 
6.9 

33,  "8  33-99  33-30  33,40  33-59 
34-"  343*  34,4»  34-SJ  34-6J 
3J->6  35-36  33-i;  35.57  35.68 
36.31  3641  36,31  36,64  36-73 
37-39  37-SO  37,61  37.71  37.83 

33.70  33.80  33.90  34,00  34.11 

34.13  3484  34-94  3S-«S  3S-"5 
35,78  35,89  36,00  36,10  36.11 
36.83  36,96  37.07  37.18  37.98 
37-94  38.05  38.16  38.36  3S.37 

10 

II 

11 

7.0 
7-1 
7-* 
7.J 
7-4 

38,48  38,50  38,70  38'8i  38.93 
39-S9  39.70  39.81  39.03  40.04 
40.71  40.83  40-9*  4'-06  4l-"7 
4L.SJ  41.97  49*8  43.30  4'.3' 
43-OI  43-11  43.14  43-36  43-47 

3004  30.15  39,16  39,37  30-48 
40.15  40,36  40.38  40.49  40i.t« 
41.38  41.49  41.S'  4'-6»  4"-74 
49.43  41-54  41,66  43.78  4J.89 
43-50  43-7"  43.83  43W  44.« 

11 
It 
II 
It 
11 

7-S 

;:? 

7-« 
7-0 

44.1S  44- 30  44-4'  44-53  44-65 
45.36  45-48  4S-60  43-79  45,84 
46.57  46-69  4«.8t  46,03  47,05 
47.78  47,91  48-03  48.15  48.17 
4001  49.14  49.17  49.30  49.51 

44.77  44-89  4S-91  45-13  45-15 
45.96  46.08  46.JO  46.31  46.45 
47.1;  47-19  4741  47-S4  47-t«l 
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Table  G.    Triconometsic  Functions 
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Table  H.    LoGAKixmis  of  Trigonometric  Fcmctions 
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'  Table  J.    Logaritbus  of  Nuubeks 
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Table  J.  Locarithus 
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9 
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7S'3 
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J536 
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S7 
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7S8' 
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7617 

58 

7634 

T(<A1 

7640 
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Table  K.    Constants  and  thees  LocAfiiTHifs 


Nmm 

(RvJiuAoI  circle  or  iptKR  —  i) 

Symbol 

Nuaber 

Area  of  cirde 
Circumference  of  circle 
Surface  of  sphere 

w 

IT 

4» 

3-141  S9»  654 

6.383  185  307 

13.566370614 

0.497  149873 
0.79S179S6S 
T.099109864 

Quadrant  of  drde 
Area  of  semicircle 
Volume  of  sphere 

0.533  S98  77fi 
0.783  39S  163 
1.570  796  3»7 
4.187  790  w>s 

1.7189986)1 
1 .895  o8g  S81 
a.196  119  877 
0.63I  oSS  6og 

w* 

9.869  604  401 

0.994  19974J 

rl 

1-77345383" 

0.148574936 

Degrees  in  a  radian 
Minutes  in  a  radian 
Seconds  in  a  radian 

iSo/r 
10800 /» 
648000/*" 

S7-'9S779SI3 
3  437-746  771 
206164.806 

1.758  133631 
3.536173883 
5.314415133 

■/' 

0.318309886 

1-503  850 117 

i/r' 

o,j6i  189  584 
o.ioi  331  184 

1,751435064 
1.005700155 

Circumference  /360 

arc  i" 

sin  1° 

O.OI7  453J93 
0.017451406 

1.34187736* 
1.14185531! 

CI  tcum  f  crencc  /  2 1 600 

arc  i' 
^n  i' 

0.000  2  go  S8S 
0.000 190  SS8 

4.463  716  "7 
4.463716111 

Circumference/ 1 296000 

arc  i" 
sin  I  " 

0.000  004  S48 
0.000  004  848 

5,68557486; 
6,68557486; 

Base  Naperian  system  of  logs 
Mwlulus  lommon  system  of  logs 
Na]x;rian  log  of  10 

e 
M 

1.718281  Sj8 
0.4J4  204  481 
3.302  585  093 

0-434  194  48; 
1.637784311 
0-361  215689 

Probable  error  constant 

hr 

0.476  93'"'  3 
0.674  489  7 

1.6784604 
1.8289754 

Index 
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INDEX 


(The  BWBben  rder  to  p*(n.) 


Absolute  vebcity,  60,  64,  411,  440 
Acceleration,  3,  11,  la,  Ji,  SA^ 
Aoe-foot,  37S 
Accumulator,  530 
Adjutage,  178,  151 
Advantageous  angle,  410 

ncwale,  44g 

■eaion,  183 

wlodty,  411,  436.  448,  46Q,  474- 
Air  chamber,  141,  414,  510 
Aii-lift  pump,  518 
Air  valve,  134,  248 
Anchor  ice,  j 
An^e  measurements,  108 
Answers  to  problems,  544 
Approach,  angle  of,  236,  44s 

velocity  ol,  si,  "3,  I45-"S3 

spron  oE  dam,  163 
Aqueducts,  310,  371,  30a 
Aicblmedeaa  screw,  504 
Areas  of  circles,  545,  SS6 
Atmospheric  pressure,  1,  7,  10,  j6,  41, 

188,  471,  507 
Automatic  devices,  351 


Backpitcb  wheel,  450 
Backwater,  344, 353, 355 

function,  354 
Bait  nozzle,  199 
Barker's  mill,  453 
Barometer,  ?,  8,  »,  47a,  So7 
Barn's  formula,  198,  316 
Bends  in  rivers,  411 
Bemouilli's  theorem,  68,  apj 
Btel's  formula,  305a 
Boiling  pcnnt,  8,  aa 
Bore,  3SO,  3Si 
Bridge  [uers,  343 


Bristol  water  level  gage,  76 

Boyden  diffuser,  471 

hook  gage,  79 

turbine,  395,  46a 
Brake,  frictioD,  3S9 
Branched  pipes,  354 

hose,  534 
Breast  wheels,  437,  jaS 
Brick  conduits,  395,  306 

sewers,  193 
Brooks,  373,  317 
Buckets,  43S,  437.  45°.  SOJ 
Bucket  pumps,  13 
Buoyancy,  center  of,  30 


Canal  boat,  490 

lock,  136 
Canals,  372-391 
Cascade  wheel,  441 
Cast-iron  pipes,  35S,  295 
Catskill  aqueduct,  300,  336 
Center  o(  buoyancy,  30,  499 

oE  gravity,  31 

of  pressure,  34,  36 
Centrifugal  force,  6a 

pump,  sai 
Chain  pump,  13,  SaS 
Channels,  372-317 
Chemical  methods  for  velodty,  334 
Chezy'9  formula,  37s,  287,  313,  315 
Cippoletti  weir,  170 
Circles,  areas  of,  545,  550 

properties  of,  280,  556 
Circular  conduit,  176,  279,  aSo 

orifices,  46,  116,  138 
Classification  of  pumps,  505,  537 

of  surfaces,  295,  304 

of  turbines,  447 


F 


[          &5S                                          Index             ^^^^^^^^H 

^^^      OmJ  uMd  by  slctmcn,  490 

Ctinent  lndic«t«tk,  3*5                   ^^H 

1  ■           Cock  valve,  ijj 

meters,  96,  314, 336                   -^^^f 

^^m      Coefficient  of  contraction,  iii 

Cun-iturc  (acti>n,  11$                    ^^^^ 

^H        i)OMle»,  189 

Curved  »utfaces.  31                         ^^H 

^^M        orificr*,  III,  i>9 

Curves,  baclcwatcr,  i6t,  343            ^^H 

^m        tabe»,  1S4,  iSj 

In  pipes,  138,  345,  400                 ^^H 

^H     CMQkieni  o(  discturge,  115 

in  rivYn.  409                                   ^^^1 

^H         dianneli,  1^3,  JI3 

Cuttlefiih,  49J                                    ^^H 

^H          dams,  i;6 

Cutwater  of  piera,  344                     ^^^| 

^^^^^  iui»tu.  tSg 

C}'de  of  rainfall,  37S                      ^^^| 

^^^^V  orilicM,  ii3,  119,         I3J 

^^H 

^^^^  pipes,  foi.  11)7.  J98 

^^H 

^^^       Mvren,  191 

Dams,  39,  40,  43. 163, 176,  34s             ■ 

^^^H   tulxs,  18;,  i&j,  191, 19S 

DanaMr.  451                                    ^^fl 

^^^^H.  lurbbw. 

Data,  fundamental,  t-a»                  ^^^M 

^^^^  weim,  ijo,  ijj.  174,  17J 

f)cpih  al  iloiAiion,  iS                     ^^H 

^H      Coefficient  o(  toukIiQim.  iSq,  >9J 

Dnucn  of  lurbino,  469                      ^^^^ 

^H       Coeffident  of  i-clodty,  113 

of  power  plants,  JIS4                    ^^^^ 

^H         tioule*,  189 

of  water  <•  heels,  451                     ^^^| 

^^P         orifice,  ti4 

Diamelers  of  pipes,  130                      ^^H 

^B         tulies,  t$s,  105 

walcr  mains,  158,  tba,  160            ^^^| 

^H      Compound  pipce,  140,  S43 

Differential  pressure  f^gn,  85           ^^H 

^H          tabes,  191 

DiSuscr,  474                                        ^^H 

^H      CompccsHil  air,  s JO 

Discharge,  6j,  94.  115                         ^^H 

^r       ComprciBibillty  of  water,  j,  10 

conduits,  I7»~3i7                         ^^H 

L^      COmpiiUtioiLi,  15-11.  7J,  13ft 

curves,  331.  339                           ^^H 

^H      Oonduii  pipn,  195 

founlain  flow,  109                           ^^^| 

^H      Conduits,  i7]-}i7 

Snglng                                              ^^M 

^^1      Coiiical  lulies,  1S9 

24),  263                              ^^^1 

^H          wheel,  451 

oriticcs,  109-140                              ^^^H 

^H       ConMrvmlon  of  energy,  47,  igj 

pipes,  311-171                                 ^^^1 

^H       Conitunti,  lablci  oF,  546,  556 

rivers,  318-364                            -^^^H 

^H      Consumplion  of  water,  376 

theoretic,  65                                     ^^H 

^^^       Contracted  weirs,  141.  149,  174 

tubes,  177-sio                                ^^H 

1             Contnction,  of  a  jet,  1 10 

turtuncs,  4&1                               ^^^| 

^^L         ooeificicnt  of,  111 

weirs,  141-176, 139                      ^^H 

^^^^^  giailual,  tSi 

Discharge  curves,  331,339                 ^^H 

^^^^H  sudden,  iSi 

DischitrRing  cspacil)-,  133                  ^^H 

^^^^V  f  upptcsiion  of ,  i>7 

Disk  v;ilvc.  113                                   ^^^1 

r           CoriverK>"K  tiihcit,  191 

nisplircmcnt  pumps,  517                  ^^^| 

1              Collon  how,  164 

l^istiltcd  wsier,  6,  ig                        ^^H 

P            Cmt,  of  a  weir,  80, 141, 160 

Ditches,  371, 191                             ^^^^ 

^_^         of  a  dam,  ]4i 

Divcrginji  tubes,  191                           ^^^^ 

^H         lounded  and  wide,  160 

Uivcrsions.  1,^4                               ^^^| 

^^      Critlol  wlociiy,  )6o 

Oouble-nciing  pump,  jia                ^^^| 

L            Clow-iKnion,  wlocities  in,  3J0 

Double  (loals,3si,3jA                       ^^H 

^^L       Croton  .-uiuojucl.  joo,  301 

Downward-flow  wlieeb.  446              ^^^| 

^H      Cubit  Int,  1,34'' 

turbines,  46S                                    ^^^1 

■I^^B^^fl_23H 

Index                                              559     1 

Draft  lube.  4fc,  4*0.  47J 

Erwion,  194,  341                                 ^m^| 

Orng  at  a  xhlp,  .(Sg 

Error*  in  compulations,  ■$,  105            ^^^| 

Ufop'down  curve,  360 

in  mciuun-menls,  130,  141                 ^^^| 

funtiiun,  361 

Eureka  turbine,  460                                ^^^H 

Dropping  hold,  IJ5 

Evaporation,  369                                    ^^^^| 

Duplex  pump,  SI] 

Exit  angle.  464,  467                                ^^^H 

Duly  of  pumps,  518 

Expansion  ol  section,  179                    ^^^H 

walcr,  JJ5 

^^^1 

Dynamic  prewure,  59,  3i»-43>i  4*6 

^^^1 

Dynnmo,  ytd,  48 1 

Pair  form  of  boat,  486                            ^^^| 

Dynamooicu;!,  jSt 

Fall  incteawr,  477                               ^^^| 

Falling  bodies,  il,  44                              ^^^| 

Feet  and  inches,  1                                   ^^^^| 

Effective  liead,  53,  1  Mi  3*6 

Filimcnts,  174                                         ^^^H 

po\rer.  388 

Filling  canal  lock,  137                             ^^^| 

Efficiency,  ST>  jSj,  sj» 

Filter  bed,  149, 150, 168                     ^^^H 

jel.  i.i4 

Flee  hiwc,  164,  37a                                 ^^^H 

jet  propeller,  49J 

engine.  337                                          ^^H 

mo(i>r»,  3K«,  J9i,43> 

senicc,  154                                          ^^^| 

moving  vaiici,  410 

Floats,  350,321                                              ^M 

paddle  whccU,  495 

Flotation,  depth  of.  38                               H 

pump4.  504-53* 

stability  of,  19,  497                                 ,  ^M 

H        reftciion  wheel.  43S 

Flow,  dynamic  pressure,  5B                       ^M 

^H        s<:rcw  propellct,  4g5 

blood  in  veinK,  idS                                    ^^t 

^M       lurbincs.  454.  45*.  466.  474 

canals  and  conduits,  >7a-3l7            ^^^H 

^f        WRter  wheels,  436.  43*,  439 

dams,  163-107,  176                             ^^^1 

F          Eia(-»hiipnl  scirera.  iSq 

fountain,  108                                   ^^^H 

1           Ejecior  pump,  s>9<  53* 

jets.  54.         19S                                  ^^^1 

1           ElMtklty  of  waler,  10,  m 

non- uniform.  346                                        ^| 

^^    Electric  anilogies,  157 

orifices.  46,  10Q-140                                   ^t 

^H       gcncntoK,  396 

pipes,  67,  111-371                                      ^H 

^^  Elevations  by  barometer,  8 

revolving  vrascl,  61                         ^^^H 

Elliptical  orifices,  110 

rivers.  318-364                                ^^^H 

Emptying  a  canal  lock,  IJ7 

steady.  31,67                                      ^^H 

a  vessel,  60 

tubes.  i77'3io                                           ^^ 

End  cnnt  ructions,  14Q 

turbino.  461.  4S3-'|84                         ^^H 

Energy,  3,  68.  i;8 

under  pressure.  49                               ^^^H 

loss  of.  133 

Flume,  testing.  396                             ^^^H 

in  channels,  jii 

^^M 

tubrs.  t;S,  100 

Foot  valve.  509,  513                               ^^^H 

of  ■  jet,  56 

Force  pump,  7,  50J,  $ta                         ^^^M 

Engine,  hydmullc,  3*6 

Force,  unit  o(.  i                                            ^H 

prevsuie,  518 

Forcbay,  30S.  361,  38J                                   ^M 

pumping,  517 

F<Ms'  formula.  304                                      ^M 

Enjtllsb  nicasuies,  i,  547 

Fountain  Hun'.  107,  10$                                  ^M 

EntarRement  of  Kction,  iSo,  309 

Fourneyron  turbine,  436,  476                        ^M 

Entrance  angle,  446,  466 

Fraud!  turbine.  456                                ^^^| 

Eosine  334                    . 

Quat  formula,  313                             ^^^H 

\, 

^ 
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•  FMuda  web  fonniila,  154 
Free  itttf  ace,  4,  t5 
FrictkiMl  itAtJutca,  44 

rtiMinela,  aji,  395 

pipes,  314 

P«nip^  S07. 5*3 

tiiit>iiiesi  431.  458 

water  whed*,  403,  434 

■hips,  486 
Fiktlm  bnke,  3S9 

bcton,  159, 161,  tTO 

bekds,  316,  318 
Filei  reccnding  gaffi,  76 


a«e»,  3,  75.  7*.  79. 81-86.  »S<».  338. 3«6 
Gagiiig  Bow,  95, 1J9, 143 

of  riven,  331, 333,  33s,  374 
Cmllon,  I,  3,  546 
Gftte  of  a  turbme,  456, 4S8, 479 
Gates,  iKcmuie  on,  38 
Gate  valve,  114 
Gbud  turbbe,  476 
Glader,  flow  <rf,  305 
Governor,  4S3 

Gradient,  hydraulic,  137, 139 
Graphic  methods,  105 
Gravity,    acceleration    ol,    11,   11,   11, 
44,  485,  546 

center  of,  32 

water  supply,  377 
Greek  tetters,  17 
Ground  water,  37  J 
Guides,  45S 


Hammer  in  water  pipes,  413 
Head,  35,  81,  134,  M^.  it8,  388 
and  pressure,  15,  a6,  41,  51 

effective,  53 

losses  of,  133,  a'7,  ai8,  aso,  306 

measurement  of,  76,  79.  '3°.  =34 
Heat  units,  51S 
Historical  notes,  11,  33,  306 
Holyoke  tests,  394 
Hook  gage,  79,319,384 
Horizontal  impulse  wheels,  444 

range  ol  a  jet,  S4.  i99 


Hbf^power,  3, 18, 547 

effective,  3B8 

naminal,397  "^ 

HcoMaboe  coodidta,  jo6 
Bortm'i  nluu  of  m,  iB8s 
How,  364,  >7a>  534 
Hoiue-fltrvice  inpes,  145 
Hutdy-gordy  wheel,  443 
HydiMilic  coutanta,  $46 

en^ne,  536 

pxUent,  «37,  339 

i«A.  S30 

jump,,  349 

nurhinwy,  3*9 

inMn'diq>th,  373 

moton,  388,  43»-484 

P«».84,  539 

i»lttu,  17>,  543 

nm,  514 
Rydtaulks,  theoretial,  44-74 
HydnanediaiiiGa,  13,  416,  4S6 
Hydrametrlc  balance,  315 

pcadnlun,  314 
Bydtntatlchcad,  35,  41,  68 
ByintUXia,  13, 31-45 


I<«,  4,  S,  7,  18,  19 
Immersed  bodies,  36,  407 
Impact,  17S,  180,  401,  446 
Impdier  pump,  51S 
Impulse,  58,  399,  401, 408 

turtrines,  457,  470 

wheels,  441-4S0 
Inch,  I,  S47 
Inclined  pipes,  103 
Inclined  tubes,  aoi 
Incrustations  in  pipes,  159 
Inertia,  moments  of,  37,  499 
Injector  purap,  518 
Instruments,  75-108 
Inward-flow  turbines,  456,  473 
Inward-projecting  tubes,  190 
Irrigation,  hydraulics,  375 


Jersey  City  aqueduct,  303 
Jet  propeller,  491 
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Jet  pump,  s»8 

Jets,  S4-60,  196,  ios,  404,  44» 

contraction  of,  1,  no 

energy  of,  56 

from  nozzles,  loi,  196 

height  of,  199,  309 

impulse  of,  56,  58,  418 

on  vanes,  417 

path  of,  S4,  56.  S8 

range  of,  53,  56 
Jonvat  turbine,  456 
Jump,  3SO 


Eeely  motor,  34 

Kilowatt,  396,  547 

Kinetic  energy,  3,  45 

Knot,  485 

Kutter's  formula,  38;,  313-316,  srQ 


Lampe's  formula,  26S,  370 
Leakage,  384,  437,  509 
Least  squares,  metbod  of,  107 
Leffel  turbine,  459 
Lift  pump,  S05 
Lighthouses,  419 
Linen  hose,  264 
Liter,  547 
Lock-bar  pipe,  361 
Lock  of  canal,  136 
Log,  nautical,  323,  4B5 
Logarithms,  :s,  S53-S56 
Long  pipes,  130 

tubes,  300 
Loss  of  head,  133,  ii ;,  21S,  350,  306 

contmctio:!,  181,  i8a 

curvature,  ;iS,  29a 

entrance,  213 

expansion,  iSo 

friction,  194,  III,  114 
Loss  of  weight  ia  water,  17 
Lowell  tests,  394 


Machinery,  hydraiUic,  519 
Masonry  dams,  40,  43,  300 
Mathematical  tables,  545-556 


Mean  velocity,  93,  335,  374,  375, 3",  33» 

Measurement  of  water,  77,  139,  384 

Measuring  instruments,  75-108 

Mercury,  7,  51,  83,  84 

Mercury  gage,  83,  85 

Metacenter,  30,  498 

Meter,  547 

Meters,  current,  96,  334 

Premier,  93 

Simplex,  9a 

Venturi,  89 

water,  88,  133 
Method  of  least  squares,  107 
Metric  measures,  3, 18,  41,  73, 138, 173, 

310,  369,313,547 
MUe,  485 
Mill  power,  396 
Miner's  inch,  131 
Mississippi  river,  331 
Module,  133 

Modulus  of  elasticity,  10,  10,  414 
Moments  of  inertia,  37,  499 
Motors,  hydraulic,  38G,  391 
Mouthpiece,  rgi 
Moving  vanes,  419 
Mud  valves,  334 


Nautical  mile,  485 
Naval  hydromechanics,  485 
Navigation  canals,  363 
Negative  pressure,  69 
Niagara  power  plants,  394, 483 

turbines,  479  * 

Non-uniform  flow,  346 
Normal  pressure,  31 

Noszles,  I03,  rgd,   343,  387,  443,  448, 
539 

jets  from,  101, 199,  219 
Numerical  computations,  15 


Oar,  action  of,  494 
Oblique  weirs,  173 
Observations,  discussion  of,  75-108 
Obstructions  in  channels,  30J 

in  pipes,  159 
Ocean  waves,  351,  408,  501 
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I'j  Paddle  wheeb,  493 

<.  Paraboloid,  63 

i  •  Patent  log,  486 

!   -,  Path  of  a.  jet,  54 

Peak  load,  38* 
Pelton  wheel,  441,  443 
;■  Penduium,  hydrometric,  314 

t  Penstoct,  383,  38s,  39, 

Perimeter,  wetted,  17a 
.1  Phywcal  properties  of  water,  3 

•J.  P;era,  34,,  343„,  3^ 

,-^  Piezometer,  ,30,  ,34,  ,38.  146 

l'ipes,4i,  ,43,  „,_j^,   j^ 
:-i  curves  in,  ,,9,  4,0 

frietioQ  factors  for,  317,  36g 
friction  heads  for,  ji8,  370 
smooth,  67 
Piston  pump,  sti 
Pitometer,  93,  247 
,  ^  Pitot's  tube,  101,  247,  3,4,  ^ 

f  r  Piates,  moving,  408,  488 

*  -  Plunger  pumps,  513 

^f  Pneumatic  turbine,  476 

..'■?  Poiseuille's  law,  368 

;  f  Poncelet  wheel,  439 

?  Potential  energy,  3,  4J 

Power,  3,  s6,  45,,  506 

dynamometer,  387 
Press,  hydrostatic,  24 
Pressure,  atmosohwiV   ■.«.... 
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fi63        1 

RoUtaiuT  of  plates.  4$J 

Speed  of  ships.  4S6 

^M 

ot  ihipi,  4S6 

of  turbines.  457,  461 

^^^M 

Kcvenibillty,  5)8 

Sphere,  20,  33 

^^^M 

Revolving  tubes,  439 

Square  vertical  orifices,  i»0,  139 

^^^M 

vanrs,  413 

Squares,  ubie  of,  545,  548 

^^^M 

vca»e1,  61 

Stability  uf  dams,  40 

^^^M 

Rife  hydraulic  engine,  $t6 

of  flotftlion,  IQ,  497 

^^^M 

,     KiiiK  noulc,  iqS 

Standard  orifice,  186 

^^^M 

Rivers.  518-J64 

tube. 18* 

^^^M 

Rivrr  wnlcr,  4,  7,  17 

wclre,  141 

^^^B 

Rivi'led  iji[>r»,  160,  196 

Standpipe.  113 

H 

Rochcitct  water  pip«,  14a 

Statical  moment,  37 

H 

Rod  lloat,  j)i 

Steady  flow.  373.  5'8,  $39 

^^B 

Rolling  of  n  jlii|>.  31.  4oS 

Steamer,  coal  used  hy,  491 

^^^1 

Rontiin  nqucduct*,  13,  165 

Steam  plants,  381 

^^^H 

pipes,  13,  »ll 

Steel  pipes,  igs.  396 

^^^^H 

Rotary  pumps,  517 

Stone,  weight  ot,  18 

^^^^H 

Rounded  cT«»t»,  i6a 

Storage  of  water,  37$,  381 

^^^1 

orifice^  loo,  1  iS 

Strength  of  |ripes,  34,  41 

^^^B 

Rudder,  action  of ,  joo 

Submerged  bodies,  31 

^1 

Runuff,  371 

dams,  341 
orifice*,  109, 116 
surfacn,  487 

m 

Salt  water,  7,  10 

tuba,  104 

H 

Sand,  weight  in  water,  18 

turbines,  458 

H 

Qltcr  bed,  150 

weirs,  137 

H 

Screens.  308. 310 

Sub-surface  float,  3JI,  333,  336 

^1 

Screw  propeller,  495 

velocities.  J»j,  3JO 

^^^^ 

turbine,  473 

Suction,  8,  504.  S06 

^^^M 

Seepage,  376 

Suction  pump.  504,  S»7 

^^^B 

Sewaae.  ?.  Si* 

Sudbury  conduit,  301,  J14 

H 

Sewers,  )6o.  318 

Supqpte«ed  weirs,  151,  r75 

H 

Shi|»,  485-Soj 

Supprneion  nf  contraction,  117 

H 

Shotk.  434 

Surface  cun-e,  1G7,  348 

H 

Short  pipes,  i30 

Boat,  311 

H 

tube,  184 

velocity,  311.  330 

H 

Siamese  joint,  534 

Surfaces,  center  of  pressure,  36,  39 

^^fl 

Siphon,  339,  160 

jelaupon,  58,403 

^^H 

Skin  o(  wfiitr,  4,  79 

pressure  on.  31,  399 

^^^H 

Slip  of  a  ship,  4Q5.  496 

Surge  tank,  416 

^^^H 

Slope,  173,317 

^^^1 

Smooth  noule,  198 

^^^1 

pipes.  67 

Tables,  I,  S4S-SS6 

^^^^M 

Snow. 371 

Tank.  76,  115.384 

^^^^^M 

Sound,  ^■ctadly  of,  tS 

Temperalure,  6.  130,  547 

^^^H 

Spedfic  gRivity,  41 

Test  of  motors,  jS4 

^^H 

Specific  ipctd,  476 

pumping  engines,  519 

V 

Speed  of  wheels,  4)8,  437 

turbine*,  39  a,  481 

J 

"""smission  01  pressures,  34 
Transporting  capacity,  ,„,  33, 
irapezoidal  conduits,  286 
weirs,  170 

Triangular  orifices,  no 
Triangular  weirs,  168 

Trigonometric  functions.  345,  SS2 

inple  nozile,  444 

Troughs,  271 

Tubes,  101,  i77-iio,4i9 

Tubetculea  in  pipes,  153,  ,6, 

Tunnel,  Niagara,  478 

Turbtaes  14,383.453-484,5.8 
iutton  s  formula,  304 
Twin  screws,  496 
turbines,  461 

Underehot  wheels,  435,  4SO 
Uniform  flow,  67,  204,  274 
Unit  of  beat,  518 
Units  of  measure,  i,  18,  347 
Unsteady  flow,  334 
Uplift,  dams,  40 


Vacuum,  7,  ,3,  ,88.  ^^ 
compound  tube,  188 
pumps,  S17 
standard  tube,  187 

turbines,  aic 


Ihdeac 


565 


Water,  stonn,  373 
supply,  36S-381 
surface  of,  4,  14 

vapor,  S07 

waste  of,  351 

ndght  of,  6,  19 
Water-pressure  engine,  451 
Watershed,  37a 
Water  wheels,  4S3. 43»-4S» 
Watenritch,  493 
Waves,  351,  40S,  501 
Weighing  water,  77, 385 
Weight  of  ice,  7, 19 

masonry,  40 

mercuty,  S,  83 

sand,  18 

sewage,  7 

submerged  bodies,  17 

water,  6,  19,  4S5 
Weirs,  80,  141-176,  386 
Wetted  perimeter,  372 
.Wheel  pit,  478,  480 
Wheels,  bieast,  416,  450 

horizontal,  445, 459 

impulse,  443,  44S 


Wfaeds,  overshot,  435,  449 

reaction,  430, 453, 473 

turbbe,  4S3-484 

undershot,  434,  450 

vcrticai,  443,  460 
Whirl  at  orifice,  71 
Wide  crests,  161 

Williams  and  Hazcn's  fonnula,  304 
Wind,  3J1,  318,  333,  370 
Wood  conduits,  381,  197 
Wood  pipes,  *63,  agj 
Vfork,  defined,  3,  3S3 

friction,  316,  37O 

hydraulic  machinery,  539 

motors,  433,  481 

propuldon,  490 

pumping,  SOS 

ships,  490, 494 

vanes,  421,  415 

units  of,  3,  18,  547 


yield  of  watershed,  378 

Youngman,  17,  S13.  S44 
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